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NATTONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECHNICAL NOTE 3727

INFIUENCE OF HOT-WORKING CONDITIONS ON HIGH-TEMPERATURE
PROPERTIES OF A HEAT-RESISTANT ATIOY

By John F. Ewing a.nd. Je We Freeman
SUMMARY

The relationships between conditions of hot-working and properties
at high temperatures and the influence of the hot-working on response
to heat treatment were investigated for an alloy containing nominally
20 percent chromium, 20 percent nickel, 20 percent cobalt, 3 percent
molybdenum, 2 percent tungsten, and 1 percent columbium. Comercially
produced bar stock was solution treated at 2,200° F to minimize prior
history effects and then rolled at temperatures of 2,200°, 2,100°,
2,000°, 1,800°, and 1,600° F. Working was carried out at constent
temperature and with incremental decreases in temperature simulating a
falling temperature during hot-working. In addition, a few special
repeated cyclic conditions involving a small reduction at & high tem-
perature followed by a small reduction at a low temperature were used
to study the possibility of induecing very low strengths by the exten-
sive precipitation accompanying such procedures. Most of the rolling
was done in -open passes with a few check tests being made with closed
passes. Reductions up to 40 percent were used, with some conditions
carried to as high as 65 percent. Heat treatments at both 2,050° and
2,200° F subsequent to working were used to study the influence on
response to heat treatment.

The evaluation of the effects of rolling was based on rupture tests
at l,200° and 1,500° F, on creep rates during the rupture tests, and on
creep rates for stresses of 25,000 psi at 1,200° F and 8,000 psi at
1,500° F. Hardness, microstructures, and lattice-parameter measurements
were used to obtain data explaining the metallurgicel factors responsi-
ble for the observed effects on properties at high temperatures.

The results explain many of the observed variations in properties
for the hot-worked condition. Limited isothermal deformations increase
strength. Iarger reductions either do not increase strength or cause a
decrease. Thus, high-production processes, giving large reductions at
essentially constant temperature, lead to low or medium strength in the
hot-worked condition. Working over a falling-temperature range with
finish:l_ng temperatures of 1,800° F or higher can give very high strengths
et 1,200 F, equal to those usually obtained only by hot-cold-work.
Repeated reduction with low reheat temperatures leads to very low
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strengths. Hardness does not correlate with strengths because hardness
can continue to increase while strengths fall off for more than optimm
reduction. Ductility in the rupture tests at 1,500° F was very sensi-
tive to amount of reduction. Very uniform response to heat treatment
was obtained, suggesting that varlsble response when it occurs may be
mainly due to unidentified heat-to-heat differences.

The veariations in strength in the hot-worked condition appeaxr to
be due to working having both a strengthening and a weakening effect
on the structure of the alloy. Strengthening apparently was mainly due
to strain-hardening. Recrystallization when it occurred had a weekening
effect. It suggests that weaskening in the absence of recrystallization
is due either to the same structural changes from rolling which induce
recrystallization at the higher temperatures or to a recovery process
similar to recrystallization, possibly the formation of substructures
in the grains. Working over a falling-temperature range allows more
strengthening of the type effective at 1,200° F for a given reduction.

Considerable precipitation occurs during working from 1,600° to
2,000° F, perticularly at 1,800° F. This appears to be detrimental to
long-time strength at 1,200° F but to have little effect at 1,500° F
because of extensive further precipitation during testing at 1,500° F.
Temperature of working has a substantial effect on properties at 1,200° F,
apparently because of the effects of the precipitation reaction. It
also had considereble influence on ductility in the rupture test at
1,500° F.

There were & mumber of striking relations between conditions of
working and properties at high temperatures. For working at constant
tempereature, meximum rupture strengths at 1,200° F were obtained for
15-percent reduction. This was probably true for temperatures from
room temperature to 2,100° ¥. In addition, if it were not for the
influence of the high-temperature precipitation reaction, the strengths
would apparently be nearly constant. Constant maximum rupture strengths
were obtained at 1,500° F for isothermal working from 1,600° to 2,200°0 F,
but the optimum reductions were not constant. Meximm creep resistance
was generally assoclated with smaller reductions than was maximum rupture
strength.

Iattice parameters varied markedly with conditions of working and
with cooling rate for reasons which are not understood. Grain size in
itself did not appear to be a controlling factor.

Because of the limitations of the experimental conditions there
are a number of limitetions to the generality of the results.
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INTRODUCTION

The investigation covered by this report consisted in studying by
controlled experiments the prineiples governing the influence of hot-
working conditions on the high-temperature properties of one type of
heat-resistant alloy in the hot-worked condition and the influence of
such hot-working conditions on response to subsequent final heat treat-
ments. The study applies meinly to those complex austenitic heat-
resistent alloys dependent on solution trestment or hot-cold-work for
propertles at high temperatures and not on strong age-hardening
reactions.

The composition of the particular alloy used wes nominelly 0.15 per-
cent carbon, 20 percent chromium, 20 percemt nickel, 20 percent cobalt,
5 percent molybdemm, 2 percent tungsten, 1 percent columbium, and the
balance iron. Working was carried out at several corstant temperatures
to define the influence of amount of reduction at a given tempersture.
Specific reductions at specific temperatures over a range of decreasing
temperatures were used to study the influence of working over the usual
falling-temperature range. Additional limited studies were made to
esteblish the effects of possible heating and working schedules involving
reheats to temperatures below and in the resolution range with reductions
at low temperatures where extensive precipitation occurs. In addition,
samples were given typlcal final solution, solution and aging, and solu-
tion and hot-cold-working treatments for the purpose of .studying the
effects of prior working on response to heat treatment.

At least two general factors influence the properties of individual
alloys of the type investigated at high temperatures. First, various
final +treatments may be used to obtain specific properties. These can
range in wrought products from the hot-worked condition with no subse-
quent treatment through so-called stress-relieving, solution treatments
at various temperstures with or without subsequent aging treatments
end, for the type of alloy considered, possibly cold-work or hot-cold-
working operations after the other treatments. The other general factor
leading to variebility in properties arises from the variation in prop-
erties with specific final treatments. Recognlzed possible sources of
the latter type of variation include the influence of conditions of hot-
working on the response to finel treatments, varlations in chem:I.ca.l com=-
position, and unidentified heat-to-heat differences.

Properties in the hot-worked condition are considered to be diffi-
cult to control. Practical limitations in the reproducibility of con-~
ditions of working as well as lack of information regarding the influence
of the conditions of working are Involved. It 1s known that both very
high and very low strengths are observed in hct-worked products not
subJected to further treatment as well as intermediate values of strength.
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No completely relisble meens of predicting the level of properties was
available. Certeinly mlcrostructure or hardness and other normal short-
time mechanical-property tests do not reliably predict creep and rupture
values. No informetion was availeble regarding the influence of amount
and temperature of reduction on properties. ILikewise, there was no good
information on the degree of influence of the hot-working conditions on
response to the usual final treatments as reflected in the property
ranges for a specific final treatment.

Extensive previous studies had been carried out for the National
Advisory Committee for Aeronauties on the same slloy as that used for
the present investigation to establish the influence of various types
of treatment on the properties at high temperatures. The primary
ocbjective of these studies had been to determine the basic fundamental
causes for variation in properties at high temperatures. It had been
found that the creep and rupture strengths were primarily functions of
the degree of solution of odd-sized alloying atoms in solid solution
and the degree of strailn-hardening present from working the metal. So
far as could be ascertained, precipitation reduced creep strength es
measured by secondary creep rates only by removal of odd-sized atoms
from solution. Increases In rupbure strength from precipitation
appeared to be due mainly to increased deformation before fracture
occurred and some reduction in creep rates during primery creep. These
latter effects increased rupture strength only at relatively short times
for rupture (high stress levels) where their influence predominated over
lowered secondary creep resistance. Strain-hardening increased creep
and rupture strengths up to the point where recovery effects occurred
during testing because of excessive cold-work for structural stability.

A major objective of the present investigation was to explein the
observed variation In properties at high temperatures due to working
conditions &t high temperatures in terms of fundamentel concepts.
Detailed mlcrostructural studies were carried out to define the struc-
tural effects of hot-working. Herdness was used as a measure of strain-
hardening effects. X-ray diffraction studies were instituted with the
expectation of belng able to study the degree of solution of odd-slzed
atoms from the alloying elements.

The research was conducted by the Engineering Research Institute
of the Unlversity of Michigan under the sponsorship and with the finan-
cial assistance of the National Advisory Committee for Aeronautics as
part of an investigation of the fundamentael metallurgy of heat-resistant
alloys of the types used in propulsion systems for aircraft.
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EXPERIMENTAT, PROCEDURES

Although there are numerous methods for hot-working metels and
alloys, such as rolling, forging, extruding, and pressing, this investi-
gation was limited to rolling. By rolling, it was relatively easy to
control working variebles such as temperature and amount of deformation
with reproducible rates of deformation. Bar stock was selected for the
experimental material as the best compromise between convenience for
manipuletion and minimizing temperature variation during working. This
investigation was restricted to two of the most important varisbles,
rolling temperature and amount of reduction. The rate of compression
during rolling was kept as nearly constant as possible by keeping the
roll speed, roll diameter, and initial cross-sectional ares of the stock
constant.

In this report the term "hot-working" refers to all working carried
out in the temperature range usually associated with the hot-working of
complex, heat-resistant alloys, irrespective of whether or not recrys-
tallization ocecurs. Technically, the term "hot-working" should refer
only to working at or sbove the simultaneous recrystallization tempera-
tures. In commercial practice hot-working is often carried out over a
falling~temperature range. Although the starting temperature may be
well above the minimum temperature required for recrystalllzation, the
finishing temperatures can be so low that no recrystallization tekes
place during the latter stages of working. In such cases, despite some
recovery or stress relief, the metal is partially strain-hardened or
cold-~worked. D

The research program was orgenized as follows:

(1) stock was isothermslly rolled varying amounts at temperatures
ranging above and below the minimm temperature of recrystallization

during rolling.

(2) stock was nonisothermslly rolled over controlled temperature
ranges to provide a basis for determining how decreasing temperatures
during hot-working influenced the high-temperature strengths.

(3) Stock was cyclicly rolled over three temperature ranges to
determine the Influence of extensive precipitation during working to
very low temperature on the properties at elevated temperatures.

(4) Heat treatment was carried out after selected conditions of

rolling to determine if the Influence of hot-working was reflected in
the response to heat treatment.
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(5) Rupture and creep tests, hardness measurements, microstructural
examinations, and lettice-parameter measurements were made after the
various hot-working operations to obtain information for  studying the
mechanism by which hot-working affects high-temperature properties.

Material

The material used in this investigation was T/8-inch bar stock
from a commercial heat of an alloy having the following chemical

analysis: -
Chemical composition, percent

c Mn Si Cxr Ni Co Mo W Cb N Fe

0.13 1.65 0.k2 21.22 19.00 19.70 2.90 2.61 0.8% 0.13 Bal.

The bar stock was produced from a l1l3-inch billet. The commercial
processing detalls are given in the appendix.

The same lot of bar stock had been utilized in other fundamental
studles on the same type of heat-resistant alloys at the University of
Michigan (refs. 1 to 3). It was expected that the data from these prior
studies, concerned with the influence of heat treatment and cold-working
on high-temperature strength, would simplify arriving at general
principles.

A1l stock was solution treated for 1 hour at 2,200° F and then
water quenched before rolling to minimize the effects of the prior

working.

Rolling

After the solution treatment at 2,200° F the bar stock was rolled
et temperatures of 2,200°, 2,100°, 2,000°, 1,800°, and 1,600° F! The con-
ditions of hot-rolling carried out are summarized in figure 1. Most of the
specimens were rolled in open passes on a two-high, single-pass, non-
reversible mill with 5-inch rolls. Both rolls were power driven and
revolved et a speed of 70 rpm. No lubricant was used on the rolling
surface.

For rolling temperatures of 1,800° F and sbove, an sutomatically
controlled gas-fired furnace holding temperatures to within £5° F was .
used. An automatically controlled electric muffle furnace was used
for temperatures below 1,800° F.



NACA TN 3727 T

Cooling curves from the various rolling temperatures showed the
maximm temperature drop during rolling to be 50° F. Because such
temperature changes vary for any particular hot-working operation, it
was decided to heat to a slightly higher temperature than the desired
temperature so that the results could be expressed In terms of the aver-

e actual metal temperature. Consequently, the stock was heated to
5° F ebove the rolling temperature. A holding time of 1/2 hour before
rolling established thermal equilibrium between the furnace and baxrs.
The initial bar lengths were chosen to give a final length after rolling
of 12 inches. All reductions were based on the original cross-sectional
area.

The rolling procedure for meking reductions up to 15 percent at
1,600° F and up to 25 percent from 1,800° to 2,2000 F was to pass the
bar through the rolls twice for a given roll setting, turning the bar 90°
between passes. Reductions of 25 percent at 1,600° and %0 percent at
1,800° F and above could not be made in & single roll setting because
of the limitations of the rolling mill. Consequently, for these reduc-
tions the stock was first rolled 10 percent at 1,600° F or 15 percent
at 1,800° F and above, reheated for 5 minutes, and then reduced an
additionsl 15 percent at 1,600° F or 25 percent at 1 _,800° F and above.
A ho-percent reduction at 1,600° F required successive reductions
of 10, 15, and 15 percent with two 5-minute reheats. A reduction of
65 percent required successive reductions of 15, 15, 15, 10, and 10 per-
cent with four reheats. All bars were air cooled after the final
reductions. ’

Rather approximate procedures, in comparison with actual practice,
where temperatures probably fall continuously during working, were used
to simulate working on a falling-temperature range. These were dictated
by the need to know as exactly as possible the actual temperatures and
amounts of reductlon. Rolling over a temperature range involved the fol-
1 procedure: For rolling first at 2,200° F and then finishing at
2,000° F, the bars were rolled initially 15 percent at 2,200° F;
replaced in the furnace, which cooled in 6 minutes for rolling at
2,000° F; and then reduced an additional 25 percent. Two furnaces were
used for rolling first at 2,200°, 2,000°, or 1,800° F and then reducing
again at 1,800° or 1,600° F. The bars for these series were first
heated to the initial rolling temperature in the established manmner,
rolled, and then immediately placed in the second furnace which was
maintained at the desired lower rolling temperature, cooled to that
temperature in the furnace, and given the second reduction. One series
of bars was rolled 10 percent each at 2,200°, 2,000°, 1,800°, and
1,600° F, giving a total reduction of 40 percent. For this series the
gas-fired furnace was used for cooling between 2,200° and 2,000° F and
the electric furnace was used for temperatures of 1,800° and 1,600° F.
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In these experiments involving one or more reductions &t succes-
slvely lower temperatures, a dummy bar with a thermocouple inserted into
the center along the longitudinal axlis was used to determine when the
stock was at the proper rolling temperature. Measurements with the
dummy bar indicated that a period of 6 minutes was sufficient to reach
the desired temperature for all temperature intervals.

An unmusuel and complex series of reductions was carried out to
check the effect of precipitation during rolling on the high-temperature
strength of the alloy. One group of bars In thls series was rolled as
follows: Heated to 1,800° F, held 1/2 hour, rolled 5 percent, cooled
to 1,500° ¥, rolled 5 percent, held 2 hours, and then reheated to
1,800° ¥, with the cycle repeated three more times to give a total of
4o-percent reduction. The two other groups of bars in this series were
rolled in the same way except that the rolling temperatures were 2,000°
and 1,500° F and 2,200° and 1,500° F, respectively.

In order to check the uniformity of working over the cross-
sectional area, hardness surveys were made across the transverse sections
of selected bars rolled between 5 and 25 percent. Vickers hardness tests
(50-kilogram loed) were used for these surveys. ILikewise, six bars from
each of three rolling conditions were checked for hardness to see if
there were any pronounced varlations in the hardness of similarly rolled
bars. No variations were found in either case.

In the open~pass rolling the roll speed, roll surface, and initial
slze of the stock were kept the same throughout the Investigation.
This was done in order to keep variations in the compression rate nearly
the same. However, by varying the amount of reduction, the compression
rate during rolling was also varled. Although variations in compression
rate have little effect on strain-hardening during cold-working, they
do have an effect during hot-rolling.

A smell amount of closed-pass rolling was done to study the rela-
tive Influence of a change in the mode of deformation during rolling.
That is, rolling in closed passes eliminated the lateral spread which
occurred during open-pass rolling.

The closed-pass work was done on a large reversing mill recently
Installed at the University of Michigan and equipped with rolls

9—%- inches in diameter and 27 inches long. The roll speed used was

30 rpm. Reductions of 15 and 25 percent at 1,800° and 2,000° F and of
65 percent at 1,800° F were made in closed passes. The rolling pro-

cedure was the same as that described ebove for open-pass rolling with
the exception that the stock was passed through the rolls only once for
the 15- or 25-percent reductions. The 65-percent reduction at 1,800° F
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was made using a series of 7/8-, 3/4-, 5/8-, and 1/2-inch-square passes.
These square passes Were separated from one another by oval passes. Six
reheats were required.

Prior to rolling 15 or 25 percent in a closed pass, the bars were
machined to an initial size such that, after they were put through the
3/h-inch pass, the desired reduction was obtained.

The actual reductions after rolling for both open and closed
passes in no instance differed by more than 2 percent from the desired
reductions.

Rupture and Creep Tests

Both rupture and creep tests were used to evaluate the experimental
varisbles. Testing temperatures of 1,200° and 1,500° F were used to
cover the temperature range in which the type of alloy 1s widely used.

The effect of all rolling conditions on rupture and creep strength
in the hot-worked condition was determined. Stress-rupture tests were
of sufficient duration to esteblish the rupture strengths for 100 and
1,000 hours. The creep tests of 1000-hour duration were conducted at
l,200° F under 25,000-psi stress and at 1,500° F under 8,000-psi stress.
Creep date were &lso established for the rupture tests. Minlmm creep
rates were used to evaluate the effects of variebles on creep resistance.

Conventional beasm-loaded units were used for both creep and rupture
tests. The test specimens machined from the bar stock were 0.250 inch
in diameter with a l-inch gage length. Accurate measurements were made
on all specimens prior to testing. Time-elongation data were taken
during the rupture tests by a method in which movement of the beam was
related to the extension of the specimen. Modified Martens-type exten-
someters with a sensitivity of £0.00002 inch were used to obtain time-
elongation data for the creep tests. Reynolds, Freeman, and White
(ref. &) found that there was good agreement between creep rates from
the two types of deformation measurements. The creep and rupture units
were equipped with automatically controlled electric resistance furnaces.
Temperature variations along the gage length of the specimens were held
to less than 3° F. The loading practice followed was to bring both
specimen and furnace up to0 within 100° F of the testing temperature
overnight. In the morning the unit was brought up to temperature and
then loaded.

Several check creep tests were run during this investigation, as
noted in the tabulations of the experimental date, and the corresponding
creep rates checked within ¥0.00003 percent per hour.
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Ha.rdnesé

Hardness was intended to be used as a measure of strain-hardening
during hot-working. It is recognized that certain variations in hard-
ness resulted from precipitation. However, for any given rolling tem-
pereture the chenge in hardness with amount of reduction was prima.rily
a8 function of the strain-hardening.

Hardness measurements were made at the center of transverse sec~-
tions cut from all specimens after rolling. A Brinell hardness machine
with a 10-millimeter ball and a 3,000-kilogram load was used.

Iattice Parameters

The intent was to use lattice-parameter variations as a measure of
the extent to which odd-sized atoms from the alloying elements remained
in solution after rolling.

A minimm of 0.05 inch was removed from the surface of samples in
an electrolytic polisher in order to insure a surface free of prepara-
tion strains. An electrolyte consisting of one-third concentrated
hydrochloric acld and two-thirds glycerin was used. The parameter
measurements were made using a high-precision symmetrical focusing cam-
era. Cohen's method (ref. 5) was used to compensate for uniform shrink-
age of £11m and camera radli errors. Several check tests were run and
the reproducibility was determined to be within 0.0005 angstrom unit.

For the most part, the measurements were made on surfaces trans-
verse to the rolling direction. However, several measurements were also
made on surfaces either parallel to or at 45° to the ro]_'l.ing direction
to check for possible orientation effects.

Microstructural Studies
Sections parallel to the rolling axis were cut from all bars after
rolling and prepared for metallographic examination. All specimens were
electrolytically etched In 10 percent chromlic acid solution.
In addition to the examination of the structures of the variously
rolled bars, extensive studies were mede on completed creep specimens.
RESULIS

The results of the experimental studies are presented separately
for isothermal rolling, rolling and falling temperatures, special cyclic
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conditions of rolling, and response to heat treatment. The influence
of conditions of rolling wes evaluated through determination of rupbure
and creep properties at 1,200° and 1,500° F, hardness values, micro-
structures, and lattice parameters. .All testing was carried out on hot-
worked msterisl except for that Involving the influence of working con-
ditions on response to heat treatment.

Attention is directed to the fact that in each case the hot-working
was carried out starting with 7/8-inch-square bar stock that had been
heated 1 hour at 2,200° F and water quenched. The stock had been com-
mercially produced from a large arc furnace ingot.

Isothermal Rolling

The date reported in this section are for the as-rolled condition
for rolling at constant temperature. Tebles I through IV and figures 2
through 19 present the rupture and creep data. Hardness data are
included in table V and figure 20. Typical microstructures are shown
by figures 21 through 27. Iattice-paremeter data are in teble VI and
are illustrated by figures 28 through 32.

Rupture properties at 1,200° F.- The influence of amount of reduc-
tion and temperature of rolling on the rupture properties at 1,200° F
was as follows:

(1) A reduction of approximately 15 percent resulted in maximum
rupture strength for both 100 and 1,000 hours for rolling temperabures
of 1,600° to 2,100° ¥ (see figs. 2(a) through 6(a)). Reductions
between O and 40 percemt at 2,200° F had no significant influence on
the rupture strengths (fig. 2(a)).

(2) The influence of temperature of reduction on rupture strengths
is summarized by figure T(a). The maximm strengths at 15-percent
reduction increased as the rolling temperature was reduced from 2,200°
to 2,000° F. Iowering the rolling temperature to 1,800° and 1,600° F
Increased the strength for 100 bours slightly more but resulted in a
decrease In 1,000-hour strength. The loss in strength by larger reduc-
tions was nearly constant at each temperature so that the curves for
ho-percent reduction (fig. T(a)) were nearly parallel to the 15-percent-
reduction curves. The only exception was for 1,000 hours at 1,600° F
where strength continued to increase slightly.

(3) Simply heeting to the rolling temperatures had little effect
on rupture strength, except for a significant lowering of strength for
.2,100° F, as is shown by the O-percent-reduction curve of figure T(a).
Rolling increased rupture strength above that resulting from simply
heating alone to the rolling temperature In all cases except for 2,200° F.

- ——— —_———
- —_ A e e ——————— = e——— - —— ———— o ——
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Certainly reductions larger than 65 percent at the other rolling temper-
atures would be required to reduce strength below that for material
heated for 1/2 hour without reduction.

(4) The maximm rupture strengths after reduction were from T,000
to 10,000 psl higher than those for specimens heated without reduction
&t 2,100° to 1,600° F. The range in 100-hour strengths was from 42,000
to 57,000 psi, with one lower value of 38,500 psi resulting from heating
at 2,100° F without reduction. The corresponding range for 1,000-hour
strengths was 37,000 to 47,000 psi, again with & low value of 33,000 psi
for heating to 2,100° F.

(5) No significant difference between rupture strengths for material
rolled in open and closed passes was found for a limited number of sam-
ples rolled at 1,800° and 2,000° F. (See tebles IT and IV and figs U4(a)

and 5(a).)

(6) Increasing reductions at 2,200° and 2,100° F increased elonga-
tions for fracture in 100 and 1,000 hours from as low as 5 percent to
as high as 18 percent (figs. 9 and 10). Rolling to increased reductions
at 2,000° and 1,800° F first lowered and then increased elongations
(figs. 11 and 12). The increase at larger reductions was not observed
in stock rolled at 1,600° F (fig. 13). It should be noted that simply
heating to these latter three temperatures increased elongations rela-
tive to those of the stock originally solution treated at 2,200°0 F.
Minimm elongations in both 100 and 1,000 hours were in the order of
5 percent for all conditions of rolling.

The rupture-test elongations for material rolled in closed passes
at 1,800° and 2,000° F agreed perfectly with those for open passes,
except for higher elongation after a 25-percent reduction at 2,000° F
for the closed-pass material. (Cf. tebles IT and IV.)

Creep properties at 1,200° F.~ The relations between minimum creep
rate at 1,2000 ¥ for stresses of 50,000 and 25,000 psi and percent
reduction at the rolling temperatures, as presented in teble II and
figures 15 and 16, show that:

1) Increasing amounts of reduction first increased creep resist-
ance (reduced minimm creep rates) to & maximm for a Llimited amount of
reduction. Creep resistance then fell off for larger reductions.

(2) The amount of reduction giving meximm creep resistance
(fig. 19(a)) varied with both the rolling temperature end the testing
stress. For a stress of 50,000 psi this reduction was 15 percent,
except at 2,200° and 1,800° F. For the lower stress of 25,000 psi, the -
reduction ranged from 5 to 15 percent with the largest reduction being
required at 2,000° and 2,100° F. The influence of reduction on creep
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resistance under 50,000-psi stress was similar to its influence on the
rupture strengths, except for the higher reductions at 1,800° F. Except
for rolling at 2,000° to 2,200° F, less reduction was required for mex-
Imum creep resistance under 25,000-psi stress.

(3) Rolling at 1,600°, 1,800°, and 2,000° F gave similar but defi-
nitely higher creep resistance for 25,000-psi stress (fig. 16) than did
rolling at 2,100° and 2,200° F. Creep resistance, however, fell off
considerably with increased reductions past those giving meximm resist-
ance for all temperatures of rolling. At the higher stress of 50,000 psi
(fig. 15), the decrease in creep resistance past the maximum was much
less after rolling at the three lower temperatures than for 2,100° and
2,200° F. The material rolled at 2,000° F, however, was considersbly
weaker then the materials rolled at 1,600° and 1,800° F.

(4) The creep resistance after rolling in closed passes (tebles IT
and IV), with the exception of the somewhat low strength of the stock
rolled 65 percent at 1,800° F, agreed well with the creep reslstance of
bars rolled corresponding amounts in open passes.

(5) The creep resistance of stock heated from 1,600° to 2,100° F
for 1/2 hour without rolling (figs. 15 and 16) was lower for both
50,000~ and 25-000-psi stress than the creep resistance of the material
heated to 2,200° F for 1/2 hour. Heating to 1,800° F lowered creep
resistance the most.

(6) Isothermal reductions from 5 to 25 percent at 1,800° and 1,600° F
and from 5 to 15 percent at 2,000° F eliminated first-stage creep during
the 1,000~hour creep tests under 25,000-psl stress. Iarger reductions
resulted in the reappearance of the first-stage component. Creep tests
on all the specimens rolled at 2,100° F had a first-stege component.

There was no first-stage component during the 1,000-hour creep tests
involving specimens previously reduced 5 to 15 percent at 2,200° F.
However, reductions in excess of 15 percent &t 2,200° F did result in
8 flrst-stege creep component.

Rupture properties at 1,500° F.-~ The major feastures of the data
for rupture properties at 1,500° F can be summarized as follows:

Sl) A specific reduction gave the highest rupture strength at
1,500 F for each rolling temperature (figs. 2(b) through 6(b)). These
reductions were the same for both 100 and 1,000 hours (fig. 8) and con-
tinually increased as the rolling temperature was lowered from 2,200°
to 1,600° F. There was no apprecisble difference in the maximm strength
(£ig. T(b)) with rolling temperature at either 100 or 1,000 hours.

(2) Although there were no variations with rolling temperature in
the maximm rupture strengths, there were pronounced differences at each
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temperature between the maximm strength and the strengths produced by
both larger and smeller reductions (see f£ig. T(b)). The largest varia-
tion in strength for open-pass rolling resulted from rolling at 1,800° F
vhere the maximm and minimm 100-hour strengths were 21,500 and

14,000 psi, respectively. Corresponding values for 1,000 hours were
16,000 end 7,500 psi. The lowest values obtained were for a closed-pass
reduction of 65 percent at 1,800° F which ylelded values of 10,500 and
5,700 psi, respectively, for 100 and 1,000 hours.

(3) Meny conditions of working resulted in lower strength than did
heating to the working temperature without reduction (fig. T(b)) or
solution treatment at 2,200° F. This is in contrast with the data for
1,200° F where improved strength resulted for all reductions considered.

(4) Heating to the rolling temperature without reduction had 1ittle
effect on strength at 1,500° ¥, as is shown by the curves for O-percent
. reduction in Pigure T(b). An exception was the low 1,000-hour strength
after heating at 1,800° F.

-(5) The rupture strengths after rolling in closed passes (tebles II
and IV and figs. U(b) and 5(b)) agreed well with those for open passes
fo¥reductions of 15 and 25 percent at 1,800° F and 15 percent at
2,000° F. A reduction in closed ses of 25 percent at 2,000° F gave
somewhat higher strengths and of 65 percent at 1,800° F gave somewhat
lower strengths than those for the’ corresponding  reductions in open
passes.

(6) Conditions of rolling had very pronounced effects on elongation
in the rupture tests at 1,500° F (figs. 9 through 13). The elongetions
at 100 hours varied between 4 and 60 percent and those at 1,000 hours,
from 5 to 41 percent. The relations involved were:

(2) The elongation decreased with increasing emounts of reduc-
tion to minimum values and then tended to increase with further

reduction.

(b) The differences in elongation for heating with no reduction
and the reduction giving minimum elongation (fig. 14) became very
large at temperatures below 2,200° F. Pronounced increases in elonge~
tion resulting from simply heating the stock originally solution
treated at 2,200° F were removed by subsequent working. The effect
was much greater at 100 hours than at 1,000 hours. For instance,
heating to 1,800° F resulted in an elongation at 100 hours of 5T per-
cent, wherees the same material reduced 40 percent at 1,800° F had
an elongation of only U4 percent. At 1,000 hours the corresponding

values were 25 and 5 percent.

( ¢) Reductions for minimum elongation at each rolling ‘tempera-
ture (fig. 14) ranged from 15 to 40 percent at 100 hours and were
15 percent at all temperstures for 1,000 hours. Actually, rather
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low velues were associated with reductions of 15 to 40 percent at
all rolling temperstures.

(d) There are reductions at &ll temperatures which give rather
low elongations and less or more reduction resulted in increased
elongation. Reference to figures 9 through 13 shows that high
elongetion is particulaerly associated with large reductions at 2,100°
and 2,200° F. The increase with large reductions was much less at
the lower temperatures.

(e) The limited data for closed-pass rolling (table IV) indicate
the seme general influence of hot-working on elongation in the rup-
ture tests. The differences resulting from open- and closed-pass
rolling were no greater than the degree of scatter which might be
expected where ductility varies so rapidly with conditions.

Creep properties at 1,500° F.~ The variations in creep data at
1,500° F can be summarized as follows:

(1) There was an optimm reduction (figs. 17 and 18) at each
rolling temperature resulting in the highest creep resistance at
1,500° F. This optimum reduction increased slightly as the rolling
temperature was lowered (fig. 19(b)) and was generally somewhat less
for the tests at 8,000 psi then for those at 15,000 psi.

(2) The loss in creep resistance for reductions greater than those
producing the maximm wes generally quite rapid, particularly at
8,000 psi. These larger reductions generally resulted in considersbly
lower creep resistance then thet for material simply heated without
reduction. There was some Indication that for very large reductions
the creep reslstance aspproached a minimm.

(3) The creep resistance of stock rolled 15 end 25 percemt at 1,800°
or 2,000° F in closed passes (table IV) agreed well with the creep
resistance of the bars rolled corresponding amounts in open passes
(teble II). However, the creep resistance at 8,000 psi of stock rolled
65 percent at 1,800° F in closed passes was low.

(4) The minimum creep rates for an initial stress of 15,000 psi
renged from 0.002 to 0.13 percent per hour as the result of varying the
rolling temperatures from 2,200° to 1,600° F and the percent reduction
from O to 65 percent. Over the same ranges of rolling temperatures and
reductions the minimum creep rates for an initial stress of 8,000 psi
varied from 0.00003 to 0.024 percent per hour.

(5) The creep resistance at 1,500° F of the stock heated at 1,600°
to 2,100° F for 1/2 hour without rolling was lower for both 15,000~
and 8,000-psi stress than that of the bar stock heated to 2,200° F for
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1/2 hour. Heabting, as well as reductlion, affected the creep reslstance
with the maximm effect at 1,800° F.

(6) Reductions from O to 40 percent at 1,800° and 1,600° F slightly
decreased the filrst-stage component of creep in the 1000-hour creep
tests under a stress of 8,000 psi in comparison with that of the orig-
inal stock. The reduction of 65 percent at 1,800° F resulted in both
a substantisl increase In the first-stage component and the appearance
of a third-stage component. Reductions at 2,200° to 2,000° F did not
decrease first-stage creep.

Hardness.- Brinnel hardness measurements were made after all con-
ditions of rolling and the results gre tabulated in table V. Figure 20
presents the relatlonship between Brinell heardness and emount of lso-
thermal reduction in open passes at rolling temperatures ranging between
1,600° and 2,200° F. The essential features of the hardness data can
be sumarized as follows: -

(1) Hardness started to increase with percent reduction at all
temperatures. However, there was & rapid drop in hardness after the
reduction reached T percenmt at 2,200° and 10 percent at 2,100° F.
Iittle further increase was obtained for more than 15-percent reduction
at 2,000° F. All reductions at 1,800° and 1,600° F increased hardness,
the amount of increase decreasing with increased reduction. When the
bars were reduced at 2,200° and 2,100° F, minimum hardness was obtained
for reductions of 12 to 15 percent followed by a slight increase and
agein a decrease for more reduction.

(2) The Brinell hardness of the bars rolled 15 or 25 percent in
closed passes at either 2,000° or 1,800° F agreed well with that of the
corresponding bars rolled in open passes. The hardness of the bar
rolled 65 percent in closed passes at 1,800° F was substentially lower
than that of the corresponding bar rolled in open passes.

(3) The overall levels of the various hardness curves in figure 20
were influenced by the heating temperature alone, as evidenced by the
Increases in ‘the hardness of stock simply heated to the rolling tempera-~
tures and cooled without rolling.,

Influence of rolling conditions on microstructures.- Typlcel micro-
structures of the bars given various reductions &t 1,600°, 1,800°, 2,000°,
and 2,200° F are shown in figures 21 through 24, respectively. The
changes in microstructure during rolling can be summarized as follows:

(1) Recrystallization occurred during rolling at 2,200°, 2,100°,
and 2,000° F depending on the amount of reduction. Recrystallization
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was not observed during open-pass rolling at 1,800° or 1,600° F. It
did occur during the 65-percent reduction in closed passes at 1,800° F.

(2) The observed conditions of recrystallization were as follows:

(a) At 2,200° F: Sterted at 5- to T-percent reduction; essentially
complete at 15-percent reduction; continued refinement of grain size
with further reduction

{b) At 2,100° F: Started at 10-percent reduction; essentially
complete at 15-percent reductionj continued refinement with further
reduction

(c) At 2,000° F: Started at 15-percent reduction; required a
reduction of 65 percent for complete recrystallization

It will be noted that the discontimuities in the hardmness curves of
figure 20 correspond with the observed recrystallization characteristics.

(3) A £inely dispersed precipitate formed in the matrix when the
alloy wes previously solution treated at 2,200° F and then heated to
1,800° or 2,000° F for 1/2 hour. Increasing the emount of reduction
of these temperatures appeared to increaese the amount of precipitation
in the matrix. Previous to this Investigation It was not known that
this alloy was subject to precipiltation in the matrix between 1,800°
and 2,000° F. Even rolling at 2,200° F appeared to cause a dispersed
precipitate to form in grain boundaries.

(1) A matrix precipitate did not form in the bar stock during the
l/2-hour hest at 1,600° F, slthough a grain-boundary precipitate did
form. Moreover, there was no visible evidence of any general precipl-
tation in the matrix during rolling at 1,600° F.

Microstructures after creep testing.- Metallographic examination
was made of the creep specimens after testing for 1,000 hours in order
to0 obtain information on the structurel stability of the stock in the
as=rolled. condition during testing at l,200° and 1,500° F. Figures 25
and 26 show microstructures of bar stock rolled at 1,600° and 2,200° F,
respectively, and tested st 1,200° F. Figure 27 shows typical structures
after testing at 1,500° F. The structural changes during creep testing
are summarized as follows:

(1) Structural changes during testing at 1,200° F were largely
dependent on the initlal as-rolled condition of the bar stock. Exten-
sive precipitation took place in the matrix durling testing provided
precipitation had occurred during rolling. The precipitation was much
less after rolling at 2,200° or 2,100° F where little precipitation
occurred during rolling. Rolling at 1,600° F, however, apparently
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resulted in nucleation of preclpltates during testing, Inasmich as
extensive precipitation occurred even though only grain-boundary precipi-
tation was evident efter rolling. The structure, after testing, of the
material rolled at 168000 end 2,000° F was similar to that of the mate-
rial rolled at 1,600° F. In cases where matrix precipitation did occur
during testing at 1,200° F, it appeared to increase with increasing
amounts of rolling. :

2) The structural changes which occurred during creep testing at
1,500° F appeared to be largely independent of the initial conditions
of the microstructure. That 1s, extensive precipitation and agglomera-
tion occurred in all bars durlng testing and all structures were remark-
ebly similar after testing.

Iattice-parameter measurements.- Lattlice-parameter measurements
are tebulated in teble VI. Although measurements were possible over
the camplete range of reductions at temperatures of 2,000° F and sbove,
determinations could be made for only the O~, 5~, 10-, and 40-percent
reductions at 1,800° F. The diffraction lines were too diffuse for all
other reductions at 1,800° F and for all reductions at 1,600° F. Check
nmeasurements were made In some cases and these are also given in
teble VI. Most determinations were carrled out on surfaces transverse
to the direction of rolling with some check measurements being made on
surfaces at other angles to the rolling direction.

The influence of amount and temperature of reduction on lattice
parameters (figs. 28, 29, and 30) was fairly complex. Successive mini-
mm and maximum values appeared as the amount of reduction was lncreased.
The amount of reductlon required to produce these effects increased as
the rolling temperature was reduced.

A meagurement made on stock reduced 35 percemt at 2,000° F without
reheating is plotted on the curve (fig. 28) intermediate between the
values for reductions of 25 and LU0 percent. This indicated that the
reheating for the UO-percent reduction was not the cause of the rapid
increase in parameter when the reduction was increased from 25 to U0 per-
cent. This conclusion is further substantiaeted by a similar behavior
at 2,100° and 2,200° F within the reduction range where reheats were
not used. '

The agreement between measurements made transverse to the rolling
with the check determinations at other angles (fig. 28) indicates that
any orientation effects were small.

During the course of the investigation it was established that
cooling rate had a pronounced effect (figs. 31 and 32) on the measured
lattice parameter. Air-cooling resulted in larger parameters than did
water-quenching. Iimited data for a remge of cooling rates from 2,025° F
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show that intermediate cooling rates resulted In larger parameters.
_That is, air-cooling resulted in larger values than did either very
slow or very rapid cooling (fig. 32). The temperatures used for these
studies were the same as those for heating for rolling, 25° F above the
nomingl rolling temperature. The use of the cooling rate at 1,200° F
for preparing figure 32 was- simply a matter of convenience for measure-
ments of the rates. This defined cooling-rate effects somewhat better
than would a description of the method of cooling alone.

Rolling With Palling Temperatures

Specimens were prepared by nonisothermal rolling over controlled
temperature ranges to obtain deta to investigate how the decreasing
temperatures during hot-working influenced high-tempersature strengths.
Experiments were confined to combinations of reductions totaling 4o per-
cent. The initial rolling temperatures varied from 1,800° to 2,200° F.

Rupture properties at 1,200° F.- Rolling first at 2,200° or 2,000° F
and then at 2,000°, 1,800°, or 1,600° F for a total reduction of 40 per-
cent (tables VIT and VIII) had the following effects on the rupture
properties at 1,200° F:

(1) Very high strengths resulted from reduction at 2,200° or 2,000° F
and then at 1,800° or 1,600° F. The strengths were considersebly higher
(£ig. 33(a)) than those cbtalned by isothermel reductions of either 15
or 40 percent at 1,600° or 1,800° F. '

(2) A reduction of 25 percent at 2,200° F followed by 15 percent
at 2,000° F resulted in lower strength than did isothermsl reductions of
either 15 or 40 percent at 2,000° F (fig. 33(a)).

(3) Elongations (tsble VIII) were as high as or higher than those
for comparative isothermally rolled meterlals. A reduction of 10 per-
cent et all four temperatures gave both high strength and very high
elongation.

Creep properties at 1,200° F.- The creep data at 1,200° F
(teble VIIL) were similar to the rupture data in that finishing at l,600°
or 1,800° F gave high creep resistance, while finishing at 2,000° F gave
comparatively low resistance (see fig. 34). The adventage of rolling
first at 2,200° or 2,000° and finally st 1,600° or 1,800° F over iso-

thermally rolling the bars was not so outstanding as 1t was in the rup-
ture tests.

Rupture properties at 1, 500° F.- Rupture strengths at 1, 500° F
(teble VIII) increased as finishing temperature decreased (fig. 33(b)).
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The strengths were, in general, higher than those resulting from reduc-
tions of 40 percent at constant temperature. They were, however, well
below the meximm strengths associated with smaller isothermal reduc-
tions. The strengths were also less than those for isothermal reduc~
tions of 15 percent where these were less than the maximum velues.

The rolling over a falling-temperature range, therefore, avoided
part of the loss in strength associated with large reductions in constant-
temperature rolling. The conditions used did not, however, produce
higher strengths than those for specific constant-temperature reductions
at 1,600° or 1,800° F, as was observed at 1,200° F. The relatively high
strengths for reductions of 10 percent at each temperature of rolling
suggest that a schedule of small reductions as temperature decreases
might be beneficial to strength.

Rolling over a falling-temperature renge did not markedly improve
elongation in the rupture tests over that of isothermelly rolled stock
(tables IT and VITI) except for the schedule of 1O-percent reduction
at each temperature. The material finished at 2,000° F mey have been
Improved also. In all other cases, the elongations were simlilar to
those of comparative isothermally rolled stock.

Creep properties at 1,500° F.- The creep resistance at l,500° F
(teble VIII) increased as the finishing temperature was lowered
(fig. 35). The values mostly ranged between those for isothermal
rolling to reductions of 15 and 40 percent. Certain sequences gave
strengths similar to those for the most creep resistant isothermal con-
ditions, while the strengths of the material rolled 25 percent at
2,200° F followed by 15 percent more reduction at the lower temperatures
tended to be similar to those of the material isothermally rolled
Lo percent.

Hardness.~ All of the conditions of rolling except one developed
high as-rolled Brinell hardness values in the range of 272 to 283
(tehle V). The one exception was the material rolled between 2,200°
and 2,000° F vhich had a Brinell hardness of 221. Except for this
latter conditlion, the hardness values approached those cbtalned by
isothermal reductions of 40 percent at the finishing temperature rather
than those obtained isothermelly with the actual f£inal reductions.

Microstructures.- Examination of the structures after rolling
(fig. 36) and after subsequent creep testing (fig. 37) gave the following
results:

(1) Rolling at 2,200° F, berore rolling at lower temperatures,
reduced grain size by recrystallization. For thls reason the grain
sizes of the material subsequently rolled at 1,600° and 1,800° F were
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finer than those of the material isothermelly rolled at these tempera-
tures. (Cf. Pig. 36 with figs. 21 and 22.) The material rolled first

at 2,200° and then at 2,000° F was very fine grained, indicating that
recrystallization continued at the lower temperature. Rolling first

at 2,000° ¥ and then at 1,600° F resulted in a duplexed grain structure
because recrystallization was incomplete during the reduction at 2,000° F.

(2) Samples rolled initially at 2,200° F and then at lower tempera-
tures did not have the general matrix precipitation observed in samples
isothermally rolled at 1,800° and 2,000° F. The precipitate was, however,

prgge’gt in material rolled initially at 1,800° or 2,000° F and finally at
1,600° F.

(3) APter creep testing at 1,200° F (fig. 37) the structures showed
little precipitation during testing for material initially rolled
at 2,200° and finished at 1,600° or 1,800° F. In all other conditions
the structures underwent considereble precipiltation at l,200° F. Struc-
tures of all semples tested at 1,500° F showed the same extensive pre-
cipltation and agglomeration described for the isothermally rolled
stock. The only dilfferences noted were the changes in grain size.

Special Cyclic Conditions of Rolling

Semples were prepared by cyclic reductions of 5 percent at 1,500° F
and at three higher temperatures of 1,800°, 2,000°, and 2,200° F.
Repeated reductions at the upper and lower temperature were used until
a total reduction of 40 percent was obtained.

These cyclic reductions were investigated to study the possibility
of producing abnormally low as-rolled strength by using conditions
leading to extensive precipitation and agglomeration of precipiteates.
These conditions were approximated with a top temperature of 1,800° F.
Top temperatures of 2,000° and 2,200° F were selected as being in and
ebove the solution temperature range for the alloy. One of the main
reagons for thils work was the sbsence of gbnormally low strengths for
the isothermally and nonisothermally rolled mebterials. Such low strengths
are sometimes observed in practice and the possibility of extenslve pre-
cipitation by use of low working temperatures was explored as an
explanation.

Rupture and creep properties at 1,200° F.- Cyclic rolling
between 1,500° and 1,800° F resulted in lower rupture strength and
higher elongation at 1,200° F than did rolling at upper temperatures
of 2,000° or 2,200° F. (See tebles IX and X and fig. 38(a).)

The material rolled between 1,500° and 1,800° F had strengths sim-
ilaer to those for the material simply heated to 1,800° F without reduc-
tion and considerebly below any of those for the material rolled
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isothermally or with falling temperatures. (Cf. date in table X with
tables IT, IV, and VIII.) On the other hand, rolling 5 percent first
at 1,500° end then at 2,000° and 2,200° F produced strengths much higher
‘than those cbtained under any.condition of isothermal rolling at 2,000°
or 2,200° F and approaching those obtained by 25-percent reduction

at 6§,goo° or 2,200° F followed by l5-percent reduction at 1,800° or
1,600° F.

The cyclic rolling resulted in substantielly higher elongations
than were obtained by other conditions of rolling except the lO-percent
reduction at 2,200°, 2,000°, 1,800°, and 1,600° F. (Cf. data in teble X
with tebles IT, IV, and VIII.) .

Creep resistance was also much lower for the material cyclically
rolled at 1,500° and 1,800° F than for the material rolled at upper
temperatures of 2,000° or 2,200° F. (See teble X and fig. 39.) The
creep rates were actually faster than those for any other condition of
rolling except large reductions at 2,200° F. (Cf.date in tsble X with
tebles II, IV, or VIII.) On ‘the other hand, the creep resistance of the
material rolled between 1,500° and 2,000° or 2,200° F was as high as
that obtalned under any other conditions of rolling.

Rupture and creep properties at 1,500° F.- The rupture strengths
at 1,5000 F were very low for the material rolled at 1,500° and 1,800° F,
whereas railsing the upper temperature to 2,000° and 2,200° F resulted
in considerably higher velues. (See tables IX and X and fig. 38(b).)
As at 1,200° F, the strengths resulting from rolling at 1,500° and
1,800° F were low in caomparison with those resulting from isothermal
rolling or rolling over & falling-temperature range. In fact, only
material reduced 65 percent at 1,800° F had as low strength. (Cf. data
in teble X with tables IT, IV, and VIII.) ILikewise, the strengths
resulting from rolling at 1,500° and 2,000° or 2,200° F were nearly as
high as the highest produced by the other conditions of rolling. ,

Elongations were quite good at 100 hours. The meterial rolled
at 1,500° and 2,000° F had very low elongation at 1,000 hours.

The conditions of cyclic rolling influenced creep resistance in
the same way as they did rupture strength. (See tebles IX and X and
fig. 39.) Rolling at 1,500° and 1,800° F resulted in very low creep
resistance; again, only 65-percent reduction at 1,800° F caused as low
strength. (Cf. data in teble X with tables II, IV, and VIII.) The
other two conditions of cyclic rolling gave strengths on the high side
of the range found in the investigation.

Hardness.- There was very little difference in hardness (tsble V)
for the three conditions of cyclic rolling. The values were 253 for
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the material rolled at 1,500° and 1,800° F and 248 for the material -
rolled at upper temperatures of 2,000° or 2,200° F.

Microstructures.- As expected, the cycling between 1,500° and
1,8000 F resulted in extensive precipitation and agglomeration in the
microstructures (fig. 40). When the upper temperatures were 2,000° or
2,200° ¥, there was little evidence of this. There was little differ-
ence In grain size as the result of the three conditions of cyclic
rolling. Apperently, the grain refinement obtained &t the higher tem-
peratures with equivalent single total reductions was avoided. Idkewise,
the material rolled between l,500° and. 1,800° F did not show so much
distortion as did the material rolled 40 percent at 1,800° F.

Response to Heat Treatment
A study was made of the degree to which the conditions of hot-
working influenced the properties after four heat treaments within the
temperature range commonly used in heat-treating the alloy.

Solution treated at 2,200° ¥ and water quenched.- The rupture

strengths and creep resistance for material solution treated at 2,200° F .

and. water quenched were remerksbly uniform after a wide range in hot-
rolling conditions. (See tables XI and XIT and Pig. 41.) All of the
rolling conditions studied did not substa.ntia.]_ly alter the response to
the heat trestment.

The ind:l.vid.ua.l curves of stress versus rupture time gave the
following ranges in rupture strength:

Temp. , Rupture strength, psi, Iin «

F 100 hr 1,000 hr

1,200 | 42,000 to 45,000 | 37,000 to 40,000
1,500 | 17,500 to 18,500 | 813,000 to 14,000

80nly two conditions tested to 1,000 hr.

The minor nature of this variation is shown by figure 41 vhere all
the individual tests plotted well on single curves of stress versus
rupture time. Moreover, the rupture strengths agreed with the values
for the original stock solution treated at 2,200° F without any rolling.
Elongations, however, were considersbly higher than those obtained for
the origlnal stock.
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The limited creep date showed little variation and were similar to
the data for the original stock.

Solution trested at 2,200° ¥, 1 hour, water quenched, and aged
at 1,400° F for 24 hours.- The data obtained (tables XIII and XIV) for
a number of conditions of hot-working showed no significant varlistion
in rupture strength or creep resistance for material solution treated
at 2,200° F for 1 hour, water quenched, and aged at 1,400° F for
24 hours. The small range in rupture strengths dissppeared when all
the actual desta points were plotted on one curve in figure L42.

Solution treated at 2,050° ¥, 2 hours, and water quenched.- A ‘tem-
perature of 2050° F was used for an extensive series of tests on the
basis that this intermediate temperature might show more influence of
the rolling conditions on response to heat treetment as reflected in
creep and rupture properties. The specimens were solution treated &t
this temperature for 2 hours and then water quenched. While the data
(tebles XV and XVI) sgain show little varlation as & result of different
conditions of rolling, there was somewhat more than was observed after
treatment at 2,200° F. The following ranges in rupture strength were
indicated by the individual curves of stress versus rupture time:

Temp. , Rupture strength, psi, in -

°F 100 hr 1,000 hr

1,200 k3,000 to 48,500 | 38,000 to 42,000
1,500 16,000 to 18,500 | 12,000 to 13,500

The actuel veriation represented is illustrated by figure 43 where
all the test points plot very nearly on one curve of stress versus
rupbure time.

No systematic relationship between hot-rolling conditions and the
varigtion In strengths was found. o

Solution treated at 2,050° F, 2 hours, water gquenched, and hot-
cold-worked 15 percent at 1,200° F.-~ The three conditions of cyclic
rolling, representing extremes in as-rolled rupture and creep strength,
were solution treated at 2,050° F for 2 hours followed by water
quenching and then a 15-percent reduction by rolling at 1,200° F. The
resultant hot-cold-worked meterials had practically no variation in
strength or ductility. (See tables XVII and XVIII and fig. 44.) More-
over, the strengths were the same as those which had previously been
obteined for this seme treatment (ref. 1). )
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DISCUSSION

Application of the results of this investigation explains many of
the variations in high-temperature properties of the alloy studied and
those of simllar metallurgical characteristics studied in the hot-
worked condition. The metallurgical mechanism responsible cannot be
accounted for in terms of solid solution, internal strain from cold-
work, precipitation effects, or structural stebility. Apparently, some
other factor involving the plastic deformetion of the metal during
working is involved. The ebsence of an apprecisble influence of prior
working on response to heat treatment was unexpected. Apparently, if
heat-treating conditions are adequate for completion of metallurgical
reactlions, the properties will be relatively independent of prior his-
tory and the major source of variation arises from heat-to-heat
differences.

Control of Properties in Hot-Worked Condition

There were two outstanding results from the studies of the prop-
erties at 1,200° and 1,500° F in the hot-worked condition:

Il) As the amount of reduction under isothermal conditions was
increased, strengths increased up to amn optimum reduction. Further
reductions either did not continue to increase strength or resulted in a
falloff in strength.

(2) Successive réductions over a decreasing temperature range pro-
duced higher strengths at 1,200° F than were cbtained during working at
constant temperature. At 1,500° F, the strengths were only slightly
higher than those obtained by equivalent total isothermal reductions.

These two features of the data can be applied in a general way to
account for some of the variations in strength commonly observed for
the hot-worked condition:

(1) Medium to low strengths would be expected from large reductions
at nearly constant temperature.  This seems to be characteristic of the
properties of the alloys from high-production processes involving rapid
and extensive reductions at relatively high working temperatures.

(2) On the other hand, experimentally produced materials frequently
have abnormelly high strength in the hot-worked condition. This proba-
bly arises from production conditions where the metal is given succes-
sive small reductions as the temperature decreases. Almost all alloys
of the type considered have shown record high strengths in the hot-
worked condition. A sequence of hot-working of this. type is almost
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certainly responsible. The experiments carried out in this investiga-
tion were not so complete as would be desirsble. It appears, however,
that the working schedule must meet the followlng requirements:

(a) The reductions must all either be below the amounts causing
recrystallization or, if recrystallization occurs at the higher tempera-
tures, be carried down to temperatures where recrystallization ceases.

(b) Probably meny small reductions at small temperature intervals
are most effective.

The falling-temperature - small-reduction principle appears to have
considerable importance for high strength at 1,200° F. Strengths equal
to0 or 1n excess of those normally cbtained only by hot-cold-work in the
range of 1,200° to 1,400° F can be produced with finishing temperatures
in excess of 1,800° F. For example:

Rupture properties at 1,200° F

Working conditions 100 hr 1,000 hr
|[Strength, [Elongation, |Strength, |Elongation,
psi percent psi percent

Reduced 25 percent at
2,200° F plus 15 percent
at 1,800° F 61,000 5 48,000 6

Reduced 10 percent at
2,200°, 260000’ 1,800°,
and 1,600° F 60,000 20 48,000 18

Solution treated at
2,050° F, 2 hr, water
quenched, and reduced
15 percent at 1,200° ¥ | 56,000 i3 50,000 4

Solution treated at
2,200° F, 1 hr, water
quenched, and reduced
15 percent at 1,200° F | 54,000 1 52,000 5

Apparently, many small reductions at frequent temperature intervals are
the key to high ductility in rupture tests in combinsgtion with high

strength.

In addition to the major generalities of the results, there were a
number of additional importent features of the data of a somewhat more
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detailed nature relating to properties in the hot-worked condition after
isothermal working:

(1) Maximm rupture strength at 1,200° F was obtained by 15-percent
reduction at any temperature. There was little effect from increasing
the reduction beyond 15 percent (fig. 45), except for a loss in strength
for working at 2,100° F.

(2) The temperature of working had a considersble influence on the
level of rupture strength at 1,200° F (figs. 7 and 45). Relatively high
ruptufe strengths, in excess of 50,000 and 40,000 psi for 100 and
1,000 hours, required working below 2,100° F.

(3) The hot-worked condition generally ylelded rupture strengths
at 1,200° F higher than can be obtained by heat treatment alone. Only
exposure to 2,100° F and large reductions at 2,100° F gave lower strengths
(fig.olﬁ) . In most cases, heat treatment reduced rupture strength at
1,200 F.

(%) The control of rupture strengths at 1,500° F for the hot-worked
condition is mostly dependent on the degree of reduction (figs T and 46)
and only slightly dependent on the tempersture of working. Specific
reductions dependent on the temperature of working (fig. 8) are required
for maximm strength with large reductions being detrimental. It is
noteworthy that a reduction of T percent at 2,200° F yielded as high a
rupture strength at 1,500° F as could be cbtained by any other condi-
tions of working investigated. Iowering the temperature of working
(fig. 46) generally resulted in less falloff in the rupture strength
at 1,500° F for more than optimm reductions.

(5) Tt appears that high elongation and reduction of ares in -
ture tests at 1,200° F were dependent on large reductions from 1,800
to 2,000° F. <(See figs. 9 through 1k.) High-temperature working with
recrystallization also increased ductility.

(6) Elongation and reduction of area in rupture tests at 1,500° F
were very sensitive to degree of reduction. (See figs. 9 through 1k.)
Heating to the working temperatures alone greatly increased their values
for 100 hours. However, they could be reduced to very low values by
increasing amounts of reduction. High values are obtained only when
working 1is carried out at essentially constant temperature if the tem-
peratures are in excess of 2,000° F or if the reductions are very small.

(7) Creep resistance in low-stress tests is apparently more sensi-
tive to degree of reduction tharn is rupture strength. (Cf. figs. 16
end 18 with figs. 45 end 46.) At 1,200° F, a good deal of the sensi-
tivity to temperatures of working observed in rupture tests is retained
(fig. 16). Iow strengths are particularly to be expected for large
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reductions sbove 2,000° F. At 1,500° F, the creep resistance was more
sensitive to degree of reduction (fig. 18) with an indication that large
reductions below 2,000° F might be particulerly demaging. .

(8) The reduction for meximum creep resistance under low stresses
is less than that for meximm rupture strength (fig. 19).

(9) Repeated small reductions to low temperatures with reheats to
below 2,000° F can lead to very low strengths. Apparently, this is the
source of low strength in sheet when low reheat temperatures are used
to reduce scaling and help preserve a good surface. For the alloy
studied, reheat temperatures of 2,000° to 2,200° F for 1/2 hour were

adequate to give relatively high strengths.

(10) Recrystellization during working without further working at &
lower temperature leads to low hardness and low strength.

(11) The alloy studied was subject to extensive precipitation during
working in the temperature range of 1,600° to 2,000° F. Apparently,
this is a major source of the excess constituents so frequently observed
in the microstructure of alloys of this type. It apparently can lead to
low long-time rupbture strengths at 1 ,200° ¥ and probebly 1s related to
other strength effects.

Mechanlsms of Strengthening and Weakening by Hot-Working

The results of this investigation mainly provide a basis for
hypothesis to explain the observed influences of hot-working conditions
on the creep-rupture properties of the alloy. Apparently, both strength
ening and weakening occur during working, as evidenced by the increases
end then decreasses in strength as the amount of reduction was increased.
The relative effects vary with stress and temperature of testing. It
appears that strain-hardening is a major factor involved in strength-
ening, although this is probsbly an incomplete simplification. The
suggestion.is mede that weaskening mainly arises from & recovery type of
process during working, exhibiting itself as recrystallization, during
working at the higher temperatures. When recrystellization does not
actually occur, the demage arises from the same structural alterations
as those which induce recrystallization to occur at higher temperatures.
In addition, there are other effects from the precipitation during
working at 1,600° to 2,000° ¥, and during testing.

Strengthening during working.- The correlations of hardness to rup-
ture and creep strength (figs. 47 through 50) show that there were
reasonebly close relationships between hardness and rupture strengths
at 1,200° F. When the stress was reduced to 25,000 psi at 1,200° F, the
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resulting creep rates did not correlate so well. The strengths at
1,500 F were little influenced by hardness. It 1s recognized that
hardness is an imperfect indicator of strain-hardening. The corre-°
lation at 1,200° F for high-stress - rupture tests, however, seems
fairly good evidence that, when creep is largely a slip process under
reletively low temperature rapid creep conditlions, strain-hardening is
& major controlling factor. As the creep rate is reduced and the test
temperature increased so that the creep process becomes more what can
be somewhat loosely termed "viscous" in mature, strain-hardening becomes
less effective and the correlation breaks down.

Weakening during working.- The gppearance of recrystallization
seems d.efinitely to limit strengthening from working. - The evidence at
1,200 F for rupture strength is not emtirely clear on this point.
Maximum rupture strength upon working at 2,100° F occurred for 1l5-percent
reduction, whereas recrystallizetion s‘barted. at 10 percent and was rea-
sonebly complete at 15 percent. It will be noted, however, that this
was the only case where rupture strengths fell off with further reduc-
tion (fig. 45) and it mey be necessary to obtain complete recrystalli-
zation before weakening occurs. Strengths did not increase with reduc-
tion at 2,200° F, presumsbly because of continuous recrystallization.
Continuous recrystallization during working first at 2,200° and then at
2, 000° F wes also eccompanied by low strength. The gppearance of
recrystallization during closed-pass rolling to a reduction of 65 per-
cent at 1,800° F did not result in much reduction of rupture strength
at 1,200° ¥, probably because it was incomplete.

Recrystallization 1s & recovery process from lattice strain. It
appeers first in the grain bounderies. ILarger reductions result in its
initiation within graing. The suggestion is therefore made that the
same structural alterations which lead to recrystallization also lower
resistance to creep as it becomes more a function of grain-boundery
conditions (lower creep rates and higher temperatures) and probebly
accumlate damage within the crystals. Because actual recrystallization
apperently causes deamage, it may well be that some sort of similar proc-
ess such gs subgrain formation occurs in the sbsence of recrystallizatlon.
The demage component seems to be accumulative because rupture strengths
at 1,500° F and low-stress creep resistance at both 1,200° and 1,500° F
are Increasingly reduced as reductions are increased past the optimum.
Secondly, it appears at smaller reductions as the creep stress is reduced
and the test temperature increased (fig. 19), as would be expected from
the theory.

In fact, because of the analogy of the increasing -damege from
increasing reduction as creep becomes more viscous in neture, there is
reason to suspect that a major source of demege may be the nonslip or
viscous flow so long identified with repid plastic deformation by
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experimenters. Certainly plastic deformation 1s nonhomogeneous in
polycrystalline aggregates and gives evidence of both slip and nonslip
processes.

Detailed experimental results related to mechanism.- The optimum
reduction for meximum rupture strength at 1,200° F was constant at
15 percent. This suggests that the damage component begins to predom-
inate gt this reductlion regardless of the temperature of working. There
is, in fact, considerable reason to believe that 15-percent reduction
glves near-optimm strength for temperatures of reduction as low as
1,000° F when stock is initially solution treated at 2,200° F (ref. 1).
Apparently, the hardness can continue to increase with further reduction
in the dbsence of recrystallization, but the rupture strength does not.
This results in the-strengths no longer correlating with hardness
(£igs. 47(a) and 4T(b)) when the material is worked at 1,800° and 1,600° F
end probebly &t lower temperatures. In reference 2, it was shown that
correlation with internal strain broke down for creep resistance at
1,200° F under 50,000-psi stress when a reduction of U0 percent was used
at 76° F. It now seems, however, that this breakdown was due to exces-
sive deformation rather than to recovery during testing as originally
proposed.

To account for the observed behavior, 1t seems necessary to pos-
tulate that only strain-hardening accumulated with reductions up to
15 percent at any temperature is effective before the damage component
prevents further strengthening from increasing strain-hardening. It
would certainly be easier to explain this if subgrain formation con-
trolled rupture strength and was largely dependent on degree of reduc-
tion and independent of temperature of working. This explenation would
seemn to require a rupture strength independent of the temperature of
working. Actually, this is not far from the facts. In figure 51 rup-
ture data for reductions of 15 percent down to 1,000° F have been added
to those from this investigation for material initially solution treated
at 2,200° F. There is remarksbly little variation in strength for
reductions between 1,000° and 2,000° F and this can be accounted for in
terms of the precipitation reaction between 1,600° and 2,000° F.

The maximm rupture strengths at 1,500° F were constant (fig. 8)
regardless of the temperature of reduction. Again, the data suggest
that a recrystallization type of subgrain mechanism controls. In this
case, however, it is necessary to have the amount of reduction to
obtain the optimum structure decrease with increasing temperature of
working. If this is not the case, then there must be a complex inter-
relationship between cold-work, recrystallization, precipitation during
working, precipitation and agglomeration during testing, and the mech-
enisms of creep and rupture leading to uniformity of rupture strength.
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Precipitation during hot-working.- The rupture data were replotted
(:I.’:Lg 52) in terms of chenge in rupture strength for varying reductions.
ga.ve quite uniform changes in strength for a given reduction at
1, 200 F vhich were independent of the temperature of reduction except

at 2,200° F. There was little change at 1,500° F where strengths
orig:l.na.lly had been mainly a function only of degree of reduction.

The sensitivity of rupture strength at 1,200° F to temperature of
reduction was therefore mainly due to effects of heating to the working
tempereture. In particular, the low strength of material worked at
2,100° F seems to be due to exposure to that temperature and not the
effect of reduction. The results of reduction at the other temperatures
were also brought closer together. The only suggested explanation
involves some influence on the precipitation which is only microscopi-
cally evident after working at lower temperatures. The low strength
after working at 2,200° F seems to be due to the fact that continuous
recrystallizetion prevented strengthening either through the restric-
tion of stra.in-hard.ening or the development of unfavorable grain
structures.

The drop in maximm rupture strengths for 1,000 hours at 1,2oo° F
from working at 1,600° to 2,000° F (fig. 51) seems related to the pre-
cipitation during hot-wor]cl_ng This preclpltate also induced extensive
further precipitation during testing at 1,200° F. Both effects would
be expected to have little effect on short-time ‘rupture strength but

- would be expected to lower long-time strength (ref. 3).

The precipitation effects could account for the falloff in strength
at 1,200° F for the observed hardness after working at 1,600° and 1,800° F
(figs. 47(a) and ¥7(b)). Previous work (ref. 3) had shown that during
aging hardness can increase but strength decrease. The evidence, how-
ever, seems more In favor of the main influence being the changes in
structure as controlied by working. This seems to be supported by the
lack of evidence of & precipltation effect on low-stress creep where
precipitaetion would be expected to be more influentiel in reducing
strength than it is In rupbure tests.

Precipitation seemed to have little effect at 1,500° F. It is
presumed that this was due to the fact that precipitation and agglom-
eration during testing were so rapid and extensive that prior precipi-~
tation had little influence on properties.

In view of the improvement in the relation between rupture strength
at 1,200° F and amount of reduction resulting from the use of changes
in rupture strength, the data were replotted using changes in hardness
rather than actual hardness. This considerebly wldened the scatter
over that shown by figures 48 through 50. It was concluded that actual
herdness was a.better measure of strength than changes in hardness.
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The changes in hardness due to heating to the working temperature
(fig. 20) were apparently related to the strengths.

Ductility in rupture tests.- The data suggest that the same mecha-
nism which leads to weakening In most cases leads to increased elonga-
tion and reduction of area in the rupture tests. This seems to be par-
ticularly true for recrystallization. There are details in the ductility
relationships which do not appear to fit into this mechanism. However,
the factors which control amount of deformation before fracture are not
understood and the deviations are therefore difficult to explain.

The most difficult factors to explain are the pronounced increases
in elongation at 1,500° F for 100 hours resulting from simply heating
to the working temperatures (fig. 14) and the pronounced decreases with
increasing reduction at both 100 and 1,000 hours. These results
strongly suggest some influence from the precipitation reaction. The
reductions for maximm strength seem to bear little, if any, relation
to the reductions for minimm elongation. There must be some complex
effects of working which change the initiation of cracking and fracture.
Apparently, when the recovery processes during working become suffi-
ciently extensive, ductility is restored.

Hot-working with decreasing temperature.- The major change intro-
duced. by working on a falling-temperature renge was an apparent Increase
in the amount of hardening from working first at 2,200° and then at 1,800°
or 1,600° F. Not only was the hardness higher than would have been
anticipated from isothermal data, but the rupture strengths at 1,200° F
were accordingly higher (figs. 47(a) and 4¥7(b)). The hardness values
after working at 2,000° or 1,800° and then at 1,600° F were near to the
incrementel additive effects estimated from isothermal data at the two
temperatures. The same wes true for reductions of 10 percent at 2,200° P
2,000°, 1,800°, and 1,600° F. The material worked first at 2,200° and
then at 2,000° F had low hardness because of continuous recrystalliza-
tion at both temperatures. The rupture strengths at 1,200° F of mate-
rial worked at 2,000° and 1,600° F end those given the reductions of
10 percent were also high and in accord wlth thelr hardness. Thus, the
procedure also allowed the development of high strength and high hard-
ness with large total reduction. This was not quite so true for working
first at 1,800° and then at 1,600° F. The continuously recrystallized
material from working at 2,200° and 2,000° F had strepgth in accord
with its hardness.

All of these factors point to an Increase In the low-temperature
strengthening mechanism during working without an increase in the
weakening effect. The cause is not clear from the data. The material
worked first at 2,200° F may have been simply made more susceptible to
strain-hardening for a given reduction at lower temperatures. Reduction
of grain size with a corresponding increase in the grain-boundary area
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t0 be moved to obtain a given degree of damage could be involved. The
suppression of precipitation during working at 1,800° and 1,600° F may
have been involved. The high strengths of the material worked without
recrystallizaetion suggest that a stable structure was developed by the
high-temperature working which could be given further limited reductions
at lower temperastures without increasing the damage.

The improvement in strength for low-stress creep (fig. 48(b)) wes
less thaen that for rupture strength, as would be expected. The strengths
at 1,500° F were generally more nearly in accord with those cbtained by
a total reduction of 40 percent (figs. 33, 35, 49, and 50) than with
those obtained by any additive effect of strengthening without increasing
damage. Apparently, insofar as strength at 1 ,500° F is concerned, the
weakening component involved in the emount of reduction wes not inhibited
nearly so much as that for 1,200° F by working on a falling-temperature
range.

Cyelic heating and working.~- When the samples were prepared by
heating and working repeatedly, at 1,500° F and at 1,800°, 2,000°, or
2,200° F, there was opportunity for a number of campliceted reactlons
to occur. Precipitation and agglomeration were extenslive when the top
temperature was 1,800° F. Presumsbly, extensive precipltation took
place particularly at 1,800° F. When the top temperature was 2,000° F,
the opportunity for precipitation at the top temperatures was reduced.
Presumsbly, there was no precipitation at 2,200° F and the ogportunity
for nearly complete solution of precipitates formed at 1,500 F. Iike-
wise, the opportunity for recovery from prior working was present during
the 1/2-hour heating periods at the upper temperature.

If it is assumed that the 1/2 hour at 2,200° F give the opportunity
for nearly complete solution and recovery from prior working, then the
properties ought to be close to those arising from reductions of 5 per-
cent at 2,200° F plus 5 percent at 1,500° F. Data are not availsble
for working at 1,500° F. However, estimastes based on availsble data
from this investigation and reference 1 indicete that the hardness and
properties are close to those which might be anticipated on this basis.
Moreover, they are generally in accord with the hardness correlations
of figures 4T through 50. The same is true for an upper temperature
of 2,000° F.

The material worked between 1,800° and 1,500° F, however, had both
low strength and low hardness. Moreover, the properties were low on
the basis of the hardness correlations (figs. 47 through 50). It is
presumed that the combination of extensive precipitation and agglomera-
tion during working at 1,800° and 1,500° F combined with recovery
effects at 1,800° F and the damage of extensive reduction at low temper-
tures all contributed to low strength.
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The recovery from the demsge of extensive deformation when 2,000°
or 2,200° F was the top temperabure would seem to be the major factor.

Effects of Reheating During Working

The role of reheats was given very little attention in this inves-
tigation. The indications were, although it was not proven, that the
brief S5-minute reheats used had little influence on the accumulative
effects of continued reduction by isothermal hot-working with reheats.
On the other hsnd, solution treatments of 2 hours at 2,050° or of 1 hour
at 2,200° F aspparently erased prior history effects. The assumption,
therefore, is that, in practice, reheats will have effects in between
these extremes depending on the time and tempersgture. Sufficiently
long times and high temperatures for the metallurgical reactions to
attain completion will introduce materials with uniform initial proper-
tles and structiures. On the other hand, too short times and low tem-
peratures to permit stebilization of the structure will introduce mate-
rials with varied initial properties and structures on which additional
. working will be superimposed. This would presumebly alter the degree-
of-reduction effects as set forth in this investigation.

The material cyclically rolled between 1,800° emnd 1,500° F (teble X)
gave every indicetion that 1/2 hour at 1,800° F was not removing prior
history effects. On the other hand, the masterials cyclically rolled
between 2,000° or 2,200° F and 1,500° F had properties fairly close to
those which might 'be anticipated for solution-trested material reduced
5 percent at those temperabures and then given a 5-percent reduction
at 1,500° F. Thus, the 1/2 hour at the higher temperatures may have
quite effectively eliminated eny influence from the prior cycle.

Response to Heat Treztment

The results from this investigation indicate that response to heat
treatment is virtuslly independent of prlor working cond.i'bions for
hegb~treating temperatures in the range of 2,050° to 2,200 ¥, That is,
quite uniform response at either 2,050° or 2,200° F was cbtained,
although the properties were different a.fter each treatment. These data
are proof that the dsmage component from working is not permsnent and
can be removed by heat treatment.

This leaves a question as to the cause of the variations in proper-
ties observed in practice for specific treatments. The suggestion is
thet they are due to unidentified heat-to-heat variations. Before this
suggestion is accepted, however, checks should be made for cases where
actusl differences are observed to make sure that there are not condi-
tions of working in practice which can introduce variable response,
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Tregtment at 2,200° F was found to eliminate differences observed
between two heats during a previous investigation (refs. 1 and 6). One
heat tended to have substantially higher strengths at 1,200° F when the
meterial was heat treated st 2,050o F and then hot-cold-worked. This
is reflected in figure 51 for heat 30276. More extensive date in ref-
erence 6 showed that the material fram heat 30276 had substantielly
lower strength at the higher temperabtures and longer time periods when
it was initially treated below 2,200° F. Moreover, there were exten-
sive structural changes which did not occur in heat A-1726, the material
used for the present investigation. There is no clear evidence as to
whether the difference between the heats was due to differences in prior
history or to hest-to-heat differences. Since s tregtment at 2,200 F
seemed to elimingte the difference between the two heats, the tendency
1s to suspect prior history as the major fector. This, however, has
not been esteblished. The availeble comparative dsta are presented in
table XIX and, with the exception noted, show remarkable agreement con-
sidering the possible varistions In trestment and testing. It will be
noted that, insofar as heat A~1726 is concerned, the originsl stock
heat treated only at 2,050° F had similar properties to those of the
material initially treated at 2,200° F and then rerolled before heat
treatment at 2,050° F in this investigation.

Heat treatment would be expected to dissolve precipitates and allow
their diffusion for chemical uniformity. In addition, recovery from
straining effects would be expected elther by recrystallization or by
annealing without recrystallization. From the results obtained in this
investigation, it appears that 2 hours at 2,050° F is a somewhat mar-
ginal condition for these reactions to take place. The varlations were
somevhat more then seems atiributable to testing varisebles. This fact
together with the variations In strengbh for the same treatment observed
in references 1 and 6 between hests leads to some question as to the .
completeness of the metallurglcal reactions in 2 hours at 2,050° F after
all conditions of working.

The ebsence of any apparent effects from reheating during isother-
mel working indicates that response to heat trestment 1is sensitive to
time at temperature during heat treatment. ZEvidently, the 5-minute
reheats were too brief to allow much change when the working wes being
carried out at or close to the reheat temperature. On the other hand,
the 1/2-hour periods at the upper temperstures of 2,000° and 2,200° F
during cyclic working spparently were very effective, whereas the tregb-
ment at 1,800° F was not. It is apparent that as the temperature and
time of heat treatment are lncreased prior history variations will have
less effect on the response to trestment. Apparently, complete inde-
pendence from all such effects requires treatment at higher temperstures
then 2,050° F for 2 hours, whereas there are conditions which can be
elimingted by 1/2 hour at temperatures as low as 2,000° F.
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There are working conditions which lead to abnormal grain growth.
It 1s recognized that under these conditions the response to heat treat-
ment will not be independent of prior history regardless of treatment
condition.

It should be noted that the elongabtions in rupture tests were more
verisble than the strengths. In particular, higher elongations &t
1,200° F were obtained after a 2,200° F solution itrestment than were
obtalned from the originsal stock,

General Observabtions

The relstionships between hardness and properties in figures U7
through 50 clearly demonstrate the reasons for the inadequacy of hardness
for predicting properties at high temperatures. ILarge reductions atb
essentlally constant temperature or repeated reductions with reheats to
low temperatures too short in duration to allow recovery and solution
lead to low strength in relgtion to the hardness. Furthermore, if a
heat treatment is used which does not effectively remove effects of
prior history (or allows unidentified heat-to-heat differences to exert
an effect), there will be sbnormsl veriations in the relationship
between hardness and strength. For instance, the materisl from
heat 30276 (refs. 1 and 6) had high rupture strength at 1,2000 F in rela-
tion to its hardness (fig. 51) and low strength at 1,500° F (teble XIX) in
comparison with the mgterial used for the present investigation.

No direct relationship between grain slze and properties was
observed. Recrystallization during working was frequently accompanied
by low strength. It 1s doubtful, however, that grailn size in itself
was nearly so much a factor as were strain-~ s recovery effects,
end possible structural alterations or preciplitation effects accompenying
the deformation.

The high-tempergbure precipitation accompanying exposure to or
working in the tempersture range of 1,600° to 2,000° F had not previously
been observed. It certainly ls the source of the extenslve precipitates
frequently observed in hot-worked products. There is good evidence that
this precipitate is detrimental to longer time strengths at 1,200° F and
thet its effect was a maximm from working at 1,800° F. Precipitation
during working wes also accompanied by increased precipitetion during
testing at 1,200° F. This as well as the orlginal precipitation during
working could have contributed to the decreased long-time strength.

Most of the data suggested that the very extenslve precipitation and
agglameration during testing at 1,500° F overshadowed amy effects from
prior precipitation. It must, however, be admitted that there were
certain ceses where & modification of precipitation effects by working
would have been a convenient way to explein the results at 1,500° F.
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This was particularly true for the relatively high strengths at 1,500° F
of the materials worked st 1,600° F and the large reductions possible
at 1,600° F without much loss in strength.

The reasons for or the significance of the sensitivity of the
lattice paresmeters to cooling rate are not understood. Iikewise, their
veriation with temperature and degree of reduction is not clear. There
does not appear to be an cbvious reason for the observed effect of cooling
rate. The variation in parameters with conditions of working does not
seem to be explainsble on the basis of ordinary solution end precipita-
tion of odd-sized atoms or in terms of the influence of the working on
the crystal structure of the grains. Iattice-parsmeter variations were )
however, so large that they do raise & question as to the presence of
unidentified metallurgical reactions which could be having more effect
on properties than now seems evident. Certainly the results could not
be used to estimate solubility of alloying elements as was originally
intended.

The observation thet diffraction lines were too diffuse for accurate
Darameter measurements after all reductions at 1,600° F and after inter-
mediate reductions &t 1,800° F suggests that the degree of reduction
mst not be the same at all temperastures. The sharpening of the lines
for large reductions supports a recovery-type mechanism for wegkening
in the ebsence of visible recrystellization. Certainly there were corre-
sponding hardness levels at 1,600° F where lattice perameters could be
measured for equivalent hardness velues after working at the higher
temperatures. This seems to be additional evidence that the plastic-
flow mechanism during working could be understood better.

Iimitations of Results

The use of experimental material which had been drastically reduced
by hot-working is the most serious limitation on the generality of the
results. The possible undetected influence of unknown prior history
effects cannot be ruled out. So far as could be determined, the 2,200° F
treatment was effective in minimizing any influence from prior history.
Certainly, it could be expected that, even with a 2,200° F treatment,
prior working which did not eliminate cast structures would influence the
response to working.

In practical hot-working such high-temperature treatments as that
at 2,200° F may not be applied as part of the normal practice. This
could lead to retention of the effects of prior working and to different
properties than would be predicted from the results of this investigation.
It would seem that the heating for working must effectively eliminate
prior history effects if the properties are to be predictable. The study
of the response to heat treatment suggests that this would be the case
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for temperatures as low as 2,050° F. However, there are cases where the
seme properties were not obtained between heats (refs. 1 and 6) with a
2,050° F treatment. It must be concluded that heating for working to
temperatures of 2,050° F and below may result in veriable response to
hot-work. Experience with the alloy has not, however, as yet disclosed
cases where a 2, 200° F treatment did not give quite reproducible

properties.

Although the limitations introduced by the method and conditions
of working ere uncertaln, the general principles should remain the same.
It 1s difficult, however, to foresee the effects of more rapid and
larger reductions during rolling, the difference between rolling and
hammer-forging, the influence of congtralnt of dies, and so forth. The
surprisingly little difference between open- and closed-pass rolling
suggests that such factors masy be minor. Only when closed~pass rolling
induced recrystsllization for a 65-percent reduction, wherees it was
ebgent during open-pass rolling, was the difference significant.

The conditions of working on a falling-temperature range investi-
gated were extremely limited. It now appears that this would be a fer-
tile field for further experimentetion to cover more ranges of reduc-
tions and temperatures of reduction. It is suspected that still higher
strengths then those observed at both 1,200° and 1,500° F would be
developed as well as more conditions leading to low strength. Further-
more, the mechanism involved ought to be clearer. Also, there 1s rea-
son to suspect that working rapidly enough to cause an increase in tem-
perature might be very dameging to strengths,

In this investigation, reasonsbly uniform working throughout the
cross sections was obtained. In actual practice, there may be consid-
ergble variation in the metal movement within a glven cross section.
This should lead to varisble properties across the section in the hot-
worked condition. The properties at each individual point should, how-
ever, be in accordance with the degree of metal movement as indicated
by this investigation. Also, all tests in thies investigation were
carried out on samples taken from the bars in the direction of rolling.
There may or may not be significant differences In properties for bars
in other directions in relation to the direction of working.

It is believed that the generel principles observed apply to all
alloys of the same general metallurgical type. This would include
practically ell of the high-temperature alloys, except those dependent
on the age-hardening derived from aluminum plus titanium. The amounts
and temperatures of reduction for increases or decreases in strength
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would be expected to vary depending on relative strain-hardening and
recovery characteristics during working, as well as on individual strue-
tural stability characteristics during testing.

The observations recorded in the section "Results" regarding the
influence of working conditions on the extent and duration of the vari-
ous stages of creep were not extensively evaluated. They could have
pronounced effects on the time to attain limited emounts of creep and
thereby be as lmportant as the other properties more extensively
examined.

CONCLUSIONS

A study was made to determine the influence of various hot-working
conditions on the high-temperature properties of & heat-resistant alloy
and the effects of the hot-working on response to subsequent heat treat-
ment. Many of the variations in properties at high temperatures in the
hot-worked condition for alloys of the type investigated can be predicted
from the results. Medium to low strengths will result from high rate
of production processes where large reductions are made at nearly con-
stant high temperatures. Very high strengths at 1,200° F and relatively
high strengths at 1,500° F are characteristic of gradual reductions over
a decreasing temperature range, probebly being responsible for the common
high strengths of experimental materials. Strengths equal to those char-~
acteristic of hot-cold-working at 1,200° F can be obtained by such pro-
cedures with finishing temperatures as high as 1,800° F. Repeated
working with ebnormelly low reheat temperatures is one cause of very
low strengths.

These general explanations of characteristic properties for hot-
worked products are based on the following summarized results:

l. Strengths increased to maximm values and then remained constent
or decreased as the amount of reduction at constant temperature was
increased. Optimum reductions generally were no more than 15 percent
and for long-time creep resistance, were less. Strengths at 1,200° F
were sensitive to the temperature of hot-working, tending to decrease
as temperature increased. Strengths at 1,500o F were relatively insen-
sitive to temperature of working. Both were dependent on the degree of
reduction.

2. Working over a decreasing-temperature range induced higher
strengths at 1, 200° F than can be cbtained by working at a constent
temperature. Strengths at 1,500° F were not improved very much in rela~-
tion to isothermal reductions of the seme degree. ILow strengths were
obtained only when recrystallization continued at all temperatures of
working.

——— e ——— — ———s.
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3. Repeated working between 1,8000 and 1,500° F yielded very low
strengths, while upper temperatures of 2,000° and 2,200° F gave quite
high strengths.

The data clearly show that hardness is not a relieble indicator of
strength mainly because hardness can continue to increase while strengths
are ralling off with more than optimm reduction.

Ductility in the rupture tests, particularly at 1,500° F, decreased
and then increased with the amount of reduction and very low values were
avoided only for the larger reductions above 2,000° F.

The metallurgical causes for the observed variations in strength
and ductility were not definitely established. The data suggest that:

1. Strain-hardening is a major source of strengthening, although
other factors are Involved.

2. Recovery effects due to recrystallization or, when the working
temperature was too low for recrystallization, to the same factors
which induce recrystallization appeared to limit strengthening and
cause decreasing strength with increasing reduction past the optimum
amounts.

3. There were aspects of the falloff in strength for more than
optimm reduction which suggested the development of subgrain structures
as a mechanism. The decrease in the amount of reduction for reduced
strength and the accumilative damage effects for low-stress creep
suggest that weakening involves a recovery process in the grain-boundary
regions, as suggested by the fact that recrystallization started first
in such aresas.

4. Rupture strengths at 1,200° F did not fall off much with more
than the optimm reduction of 15 percent, suggesting that the damage
component of working had less influence on the resistance to the more
uniform crystalline slip processes of creep at relatively low tempera-
tures and high stresses than on the more viscous creep processes at low
stresses and/or higher temperatures.

5. An extensive precipitation reaction at 1,600° to 2,000° F
appeared to reduce long-time rupture strength et 1,2000 F. This here-
tofore unrecognized precipitation reaction also induced extensive pre-
cipitation during testing at 1,200° F. Apparently, it hed little effect
at 1,5000 F because of the extensive precipitation for all conditions
during testing at that temperature.
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6. Apparently, some effect of the precipitation reaction wes
involved in the sensitivity of strength at 1,200° F to the temperature
of working. This aelso appeared to be the case for duectility.in rupture
tests at 1,500 F.

T. The results, in conjunction with date from other investigations,
suggest that meximum rupture strength at 1, 200° F for working at constant
temperature occurs at a reduction of 15 percent rega.rdless of the tem-
perature of working from room temperature to 2,100° F. Secondly there
is reason to belleve that, if the precipita‘bion at 1, 600° to 2,000°
did not influence strength, the meximm strengths would be nearly con-
stent. Maximum rupture strengths at 1,500° F were independent of tem~
perature of working fram 1,600° to 2,200° F but did not occur at constant
reduction.

8. Working over a falling-temperature range permitted an Iincrease
in the amount of hardening and strengthening at 1 ,200 F for a given
degree of reduction at the finishing temperature when recrystallization
occurred at the higher working temperatures. If reductions were kept
small at all temperatures so that recrystallization did not occur, the
strengthening at 1,200° ¥, from limited reduction, appeared to become
additive. The weakening component appeared to remain constant as a
function of degree of reduction.

Very uniform responses to heat treatment were observed in this
investigation regardless of the conditions of hot-working. It appeared
that the temperature 2,050° F was marginal, with no apparent effect at
2,200° F. Brief reheats during isothermel working to meintein tempera-
ture did not appear to induce any changes. A rehea:b of 1/2 hour at
2,000° F after limited reduction at both 2,000 and 1,500° F appeared
$0 eliminate the effects of prior working. This suggests that reheats
range in thelr effectiveness depending on whether the temperature and
time at temperature are sufficient for the metallurgical reactlions to
reach completion.

An unexplained high degree of sensitivity of lattice parameters to
conditions of hot-working and to cooling rate was cbserved.

There are & number of limltations to the results imposed by the
limitations of the experimenta.l investigation. The experimenta.l material
wes extensively hot-worked and then solution treated at 2,200° F prior
to working for this investigation. Rather few data for working over a
falling-temperature range were obtained. Iittle study of reheat effects
wes done. The limitation of the test material to one alloy also ralses
a question as to the generality of the results. Because hot-working was
limited to rolling, further proof of the validity of expressing the
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results in terms of amount of reduction would be desirable even though
there was little difference between the results for open- and closed-

pass rolling.

University of Michigan,
Ann Arbor, Mich., May 20, 1955.
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APPENDIX

PROCESSING OF LOW-CARBON N-155 7/8-INCH BROKEN-CORNER SQUARE

BAR STOCK FROM HEAT A-17268

An Ingot was hammer cogged and then rolled to bar stock under the
following conditions: )

(1) Hanmer cogged to 13~-inch-square bilet
Furnace temperature, 2,210° to 2,220° F
Three heats - Starting temperature on die, 2,050° to 2,070° F
Finish temperature on die, 1,83%0° to 1,870° F

(2) Hammer cogged to lOE- inch~square billet

Furnace temperature, 2,200° to 2,220° F
Three heats - Starting temperature on die, 2,050° to 2,070° F
Finish temperature on die, 1,790° to 1,800° F

(3) Hammer cogged to T-inch-square billet
Furnace temperature, 2,200° to 2,220° F
Three heats - Starting temperature on die, 2,050° to 2,070° F
Finish temperature on die, 1,790° to 1,890° F

Billets ground to remove surface defects

(4) Hemmer cogged to 4-inch-squaere billet
Furnace temperature, 2,190° to 2,210° F
Three heats - Starting temperature on die, 2,040° to 2,060° F
Finish temperature on die, 1,680° to 1,880° F

Billets ground to remove surface defects

(5) Hanmer cogged to 2-inch-square billet
Furnace temperature, 2,180° to 2,210° F
Three heats - Starting temperature on die, 2,050° to 2,065° F
Finish temperature on die, 1,730° to 1,870° F

Billets ground to remove surface defects

(6) Rolled from 2-inch-square billet to T/8-inch broken-corner square
ber - one heat
Furnace temperature, 2,100° to 2,110° F
Bar temperature start of rolling, 2,050° to 2,060° F
Bar temperature finish of rolling, 1,910° F

8Reported by the manufacturer.

e s = — [
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(7) Bars are numbered 1 through 56; bar 1 represents the extreme bottom
of ingot and bar 56, the extreme top position

All billets were képt in number sequence throughout all processing,
so that ingot position of any bar can be determined by its number

(8) A1l bars were cooled on the bed and no anneal or stress relief was
applied after rolling
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TABLE X

RUPIURE AYD CREEP TEST RESULES AT 1,200° AND 1,500° F FOR BAR STOCK ROLIED YSOTEERMALLY
HETWEEN 1,600° AND 2,200° ¥ XY OPEN PASSES

[Bixe for cresp tests 1s dwration of test and not rupture ting

Teated at 1,200° ¥ ) Tested at 1,5%00° F
Reduction, percent |initial [Rupture Reduction! Minimm |Initial Reduction| Minfmum
stress, | tire elongation, s area, [creep rete,|stress,| tize, |RUFBIe elongation| o greg, joreep rete
pol | b percent in 1 4n. - ;freent'lpmzlhr' vl | Br w"“lm',;:rme'mt/h;
Bolled at 1,600° F
1] 52,000 |. 29 1 15 18,000 85 ;g 38
5,000 1 8 12 0.022 ,000 322 56 0.083
41,000 37; 8 10 012 15,000 304 & 26 .02
25,000 |(1,002 (Creep test) .00036 | 8,000 | (996) (Creop ) «00015
5 gg,ooo 8 8 ————me  |22,000 3 o1 26 0.2
,000 13 5 10 a5 18,000 a1 50 h2 .02
40,000 ogas i +0035 < 16:ooo 74 3 he +0075
25,000 |(2,05%) (Creep ) .000035 | 8,000 | (995) (Creep test) 00007
o el oA 3 | ¢ |m x| p o= = | 4
23,000 (1,03% (Creep test) 000088 |155000 | 1,286 20 3 -0024
15 53,000 3% 5 5 K} 23,000 6 14 2 e
gg,ooo g 5 ] -0k5 20,000 187 14 o7 2013
,000 5 7 0015 000 g n 20 0085
25,000 |(2, 0993 2ereen tesb; 0001 ,000 6 8 <003
25,000 1996 Creep test .0001 8,000 | (99%) (Creep test) 00003
= oo | 12 3 ¢ | oo [Bo| 2 % 7| T
757600 2| s |igoo| @ ; 4 | ok
5,000 |(2,053) (Creep test) 00012 ,000 | (992) (Creep test) 00006
vkl bl imobEela oy | %
000 K o
25,000 [(,007) (Creep ) 88312 16,000 13 Z & 0028
— - - 8,000 {(1, 155} 2&‘@ test) 400022
R— - - 8,000 | {560 Creep tost) -0019
Rolled at 1,800° P
-] a,ooo 44 10 9 0.1 £1,000 .53 18 A4
,000 8 8 gg? 16,000 205 6L 56 0.15
37,000 | 1, 27 <] K 11,000 91§ 26 22 005
25,000 | (99T (Creep test) <0007 8,000 }(2,052) | (Croep test) 00029
5 50,000 90 10 10 -05% 20,000 7 a5
o0 | 237 10 6 | 16000 | 35 4 % et
38,500 881 9 b1 <0055 14,500 979 3 ko 003
25,000 |(1,008) (Croep test) .000095 | 8,000 | (99%) {Creep test) +000033
10 Q,ooo 118 8 8 019 {22,000 ;g k2 I 7 -]
Sl & o8 |8 |Sh Bl Bt oy 7 | 2
25,000 |(2,000) (Creep test) .o000% | 8,000 (1,0 im test; e
13 55,000 5 6 055 23,000 6 5T &0 22
ig:°°° egss 1 8 o3, Rao:ooo 185 n 36 .
,000 268 8 10 .011‘ F'IB 000 >§g n 18 #0093
g’% 1, o Gep ety | ads 222 ¢ o) .
250 |ecs) o o) jrsss R — — - | =
25 000 5 2 o——— 123,000 25 .21
ﬁ;ooo =5 % é 008 3,000 & » 9 -or3
47,000 156 ) 3 ﬁ 21,000 15 8 13 o
45,000 534 T 6 o 19,000 230 12 z 0035
25,000 |(1,030) (Creep test) +000088 5000 k70 5 +0035
— — — ,000 | (1,063) (Creep tast) +000L
ko 5%, 000 83 6 6 0% 20,000 b 5 1 0%
,000 233 T 9 o ,000 323 5 5 3
,000 ns 9 Z ﬁ 135,000 382 5. 2 * ol
,000 552 5 o 12,000 626 T 5 .003
25,000 |(1,006) (Creep test) 0002 8,000 |(2,055) (Creep test) 00045
000 5 20 22 -2 18,000 30 T ——
& ??:ooo 305 9 22 02 [mjoo0 3 18 15 018
40,000 23 20 .008 8,000 0 20 5 .0028
25,000 |(1,005) (Creep tuf) -00025 - - —————
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TABIE 'T.- Comtinued

RUPTURE AND CREEP TEST RESULNS AT 1,200° AHD 1,500° F FOR BAR STOCK ROLIED ISOPHERMALLY
EETHEEN 1,600° ARD 2,200° ¥ IN OFES PASSES

Tested at 1,200° F Tested at 1,500° F
Red Initial) | Reduction| Mimimm |Initial|Rupture 2o Mindmom
i "1 Rupture elongstion str upt ) tion,
T e R T s
Rolled at 2,000° P
0 g,ooo 20 1 10 0.12 20,000 158 6 32 0.6
,000 308 z 12 016 ,000 2k 35 ko 045
29,000 836 b2 13 o 13,000 1,18- 32 » <0035
25,000 | (1.,002) (Creep test) K 8,000 {(1, {Creep test) 00012
5 48,000 19 5 13 wmereeenee | £0,000 37 38 k2 Ok
43,000 30 9 1 a2 17,000 ¥ 20 g 0L
40,000 384 6 n +005 13,000 | 1,01 19 <0033
25,000 | (1,009) (Creep tesat) «00007 8,000 (Creep tost) +0000%5
20 000 ko 5 9 ——— 000 52 =1 3 a3
23:«» m [ 7 @5 19000 | s 10 1% o
12,000 600 n - o 17,000 9 10 <006
25,000 | (1,149) (Creep test) .00005 | 8,000 |(2,003) (Creep test) 00006
15 55,000 66 6 6 <07 24,000 =] 25 ] K-]
52,000 151 6 8 023 20,000 176 1 n gg’
P00 | s 12 13 :z; 16,000 3 3 X
,000 9!:% 16 235 K 13,000 | 1, im—m off] +00035
25,000 | (1,197, icreep test; 00004 8,000 | (2, Croep test <00065
25,000 | (1,000) Creep test «00005 | ————
o5 52,000 86 9 10 .082 21,000 6L 15 19 3
50,000 183 10 12 .026 18 180 10 13
38,000 348 1 6 | e 16,50 | 267 5 5 0056
15,000 96; n 20 0045 15,000 k20 2 5 o
25,000 | (1,001 (Creep test) <0001 12,500 816 6 6 0025
- — | ~————— | 8,000 |(2,025) (Creep test) ~00013
L] 52,000 69 oL 13 ————eee | 18,000 62 -] o ————
gg,ooo 183 15 15 <03 2000 ;ﬁ T 9 06
,000 | 1,786 19 19 .026 12,500 11 12 -0085
25,000 | (1,008) (Creep test) +00033 | 10,000 816 9 8 0016
— — - mmeneee | 8,000 | (989) (Creep test) 00055
63 50,000 311 28 2k .02 18,000 62 23 28
25,000 | (1,038) (Cresp test) o 15,000 ese 19 o a5
— s -— ———— | 12,500 13 1 +00%3
— - - 8,000 | (1,002) (Creep test) 00036
Rolled at 2,100° ¥
[ 13,000 2% n I 1e 18,000 bl ] 3
,000 | 106 5 12 | o.0 :.g,ooo 503 .0 58 0.015
32,000 | >1,102 >5  (Turned off) 0023 ,000 | (1,003) (Creep test) o
25,000 | (1,038) (Creep test) 0006 — e —_ - ———
5 145,000 15 6 12 01k 20,000 I 38 as
bo:ooo ~— | 10 .0026 17:000 5 36 .01
37,000 | 1,095 12 1 .0028 15,000 20 2 0026
25,000 | (999) (Creep test) 00021 8,000 {(1,247) (Creep test) 00006
10 13,000 86 n 15 .019 22,000 a6 28 %2 —
53,000 12 I 10 0L 20,000 32 45 39 045
,000 n - <0046 | 19,000 'lgo 18 ] ————
25,000 |(1,003) (Creep test) 00015 8,000 [(1,163) (Creep test) 00008
12k 45,000 Broke in threals 23,000 48 3 32 —_—
2 43,000 259 (e ) 3 | o086 |205000 gg 17 2 013
p ] (932% ?creq test) e ~0001% ﬁ'g 636 TS % s
000 o o
00| _5H) - - 8,000 | (1,156) (Croep test) 000046
000 60 13 9 025 20,000 64| 20 26 .09
» gg:ooo 2P 5 10 ol 000 | 727 6 T -0038
= - ————— | 8,000 |(2,003) (Creep test) 00003
000 | (1. Creep test) .00052 | 20,000 L8 % k2
= 2,00 | (1,00m) (o | -2 350000 | 302 3 20 025
——— - - mmmame—e | 8,000 | (1,185) (Creep test) 000k
L) 49,000 10 8 - 18,000 64 k4 b3
15,000 n n 063 15,000 14 52 18 ggk
40,000 ?,’i’. 18 18 021 10,000 &8 29 35 K
38,000 | 1, 19 15 014 8,000 | (a.,250) (Creep test) .0007
25,000 | (1,000) (Cresp test) «00095 [ meommmm - | - —




TARLE I.- Concluded

RUPIURE AND CHEEP TEST RESULTS AT 1,200° AMD 1,500° F FOR BAR STOCK ROLIED YSOTHERMALLY
BETWEEN 1,600° AND 2,200° F IH CPEN PASBES
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Initisl Ruptare . b, Mintrmm | Indtial|Rupture dncty, Mintmm
i Hzes pa-em inlin. | Sereens |peresat ,h,“" %t tize | parcent in 1 in, | OF 508 |cvoep rate,
Rolled at 2,200° F
gg,ooo 38 g . 12 0.0% 19,000 [} 16 25 0.12
5000 pit} 15 <011 17,000 156 27 18 .27
40,000 238 6 1 0052 1k,000 | 1,07 & 3 .0035
25,000 | >1,800 - - 002 8,000 |(1,000) (Cresp test) 400005
25,000 | (998) (Creep test) 200022  |a—amem - — ——————
NN P - - e | 20,000 6 ﬁ 30 ——
NN, F— -— - — 5000 552 36 011
—_————— - - oo | 8,000 |(2,007) (Creép test) 000048
45,000 36 12 18 e | 22,000 ] 29 20 [
,000 308 3 1 <0031 20,000 37 e 7 <019
28,000 | 1,100 6 6 00035 |19,000 181 19 22 012
25,000 | (983) (Creep test) <00016  [17,000 434 15 19 0055
— | - - —— ,000 | (992) (Creep test) 00006
000 37 8 12 ——— |22,000 66 28 29 ————
BB deed e R 3 | X3
i - 1 — | —— |e,000| (998) (Creep tect) ~00008
,000 16 . 19 21,000 99 2L 28 KT
000 98 T 9 0052 %ooo ﬁ 19 28 .008
35,000 | >1,816 imma oﬁ; 0007 5500 12 16 <005
25,000 | (1,008) Creep test, +0002 8,000 |(2.,154) (Creep test) »0001L
15,000 L] 1 1% £0,000 3 ¥ o1
40,000 | 238 1 12 | s Japoco 12 by et
37,000 | 1,272 13 0029 ,000 | (993) (crecp test) .000L
48,000 12 10 5 e 119,000 19 18 —————
15,000 | 130 8 ] as | /,000 1;2 32 i .07
40,000 1s8 8 6 K ,000 227 45 s 075
35,000 | >1,%14 >8(Turned off) .0027 13,000 | >1,143 E‘n:rned ou; «0032
25,000 (1,17%) (Creep test) 00058 8,000 {(1,007) Creep test 000125
45,000 34 7 n ———— |18,000 63 25 %9 ———
s,000 | 3% T 6 | o1 [16000| 206 2 37 | —
,000 816 19 n 0058 15,000 512 17 30 mmaans
25,000 | (1,000) (Creep test) oooh 8,000 |(2,016) {Creep test) 00012
— — [ - e | 17,000 o248 = 36 ————
25,000 | (1,008) (Creep test) +0005 8,000 |(1,1%0) (Creep test) +0001%
48,000 50 9 10 .028 28,000 8k 56 50 .26
5000 ok 6 10 022 R,soo g gg 5 045
40,000 365 T 10 ~007h ,000 ] .03
35,000 | 1,3%0 5 ] ~0027 8,000 | (1. 200; im teat; 00072
25,000 | (2,6) (Cooap test) ‘o005 | T000 | {38 Creep test ~ooa13
45,000 k'r 9 n .07 18,000 86 1 5% Ja16
12,000 10 12 «022 15,000 255 k4 L) 05
2’%‘3 1,000 :“M tost) i S el P % Mmp test o o0
25,000 | (1,003 icrecp ‘but} 00065 | 8j000 1:% iencp tut; ]
- - ——— 27,000 128 I nem——
== = |Z|=B=.B & |%|=
1= - Z | =2 {8looo (1,63{ (Creep test) +000%
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TABIE IT

SUMMARY OF RUPTUEE AHD CREEP PROFERTIES AT 1,200% AND 1,500° ¥ FOR BAR STOCK ROLIED TSOTHERMALIY
BETWEEN 1,600° AND 2,200° F IN OFEN PASSES

Tested at 1,20° F Tested at 1,500° P
d 4 " mm
percent strengths, elongation Minfmm rate Ay elongation Mindmm rete,
psi percent’ pere::ﬁ ’ vl percent mﬂ";&' ’
in 1 in. in 1 in, .
100 hr|1,000 kr|100 hr{1,000 k| 50,000 psi |23,000 psi |100 hr|1,000 hr{100 kr|1,000 kx| 15,000 pat | 8,000 pst
Rolled at 1,600° F
0 47,500 '%,500 9 'Z 4,500 X 10035 x 10-3]17,000 214,500 | &9 — 4,500 x 109} 15 x 105
5 48,000]{ 38,300 5 2,000 3.5 19,500| %1k,500 | 37 aos 500 Z
10 50,000| %0,000 3 3 1,000 %8 2,500] 15,500 | 30 20 250
3 Ioelmeel 31 321 B 8 00| 1800 | 5| & | e 2
o |Booluion | 3| 800 12 20,500(%1h,500 | 12 | 8 750 22
Rolled at 1,800° F
0 46,000 g’g,ooo 10 20 |120,000 17,500 11,000 | 57 26 8,500 29
5 ,000{ 38,000 |} 10 9 9,500 2.5 ,500] 13,%00 a 235 800 E.s
10 30,000| 37,500 8 2 2,200 19,500| 15,500 3 250
15 {53,000 k5000 | 6 | 15 | 2,700 6 21,500 15, 35 5 150
25 50,000| 44,000 1 9 1,000 9 21,000/ ®1h, 10 a3 200 8
Lo 52,000 43,000 6 5 m 20 ,500| 11,000 13 T 1,000 55
65 50,000| k0,000 | 20 23 26 14,000 7,500 | 25 2 |13,000 280
Rolled at 2,000° F
0 45,500| 38,000 | 10 1k 9,000 6 18,000| 13,000 | 60 32 | 2,000 12
5  |45,000{%%9,000 | 6 %8 | 6,000 T 19,000| 15,500 | 35 19 350 k5
10 47,000| %0,000 5 12 2,800 z 21,000{ 16,500 | 20 9 3%0 9
15 55,500| 47,000 6 16 2,000 22,000 14,500 | 17 5 300 6.5
25 51,500 45,000 9 1n 3,000 10 19,500| 12,000 | 12 6 koo 13
w |5000| W00 | 2 | 1 |3i500 33 16,500 10,000 | 17 9 |20 55
65 | e | = — 2,000 12 17,000| 11,000 | 22 15 1,%00 36
Rolled at 2,100° ¥
0 38,500 33,000 5 — Z,ooo €0 17,500|%13,500 | %0 &35 1,500 10
5 ,‘i,ooo 37,000 6 12 5000 2L 19,500 .% 35 20 500 6
10 ,500] 39,500 | 11 1 39500 12 21, 3 30 %5 500 8
12 45,0001 40,000 9 15 3,000 b 21,000| 15,500 | 22 10 300
15 48,000|%1,000 | 13 315 2,300 19,000| 15,500 | 20 6 600 15
25 e — — 55 17,500|%13,000 | 25 410 | 13
ko 4,000| 38,000 | 21 7 F12’°°° 95 16,000{ 9,000 | 50 25 3,500 To
Rolled &t 2,200° ¥
0 000 3,300 22 18, 1k 18 25 80v
3 B0 T30 3| T |3 157500| 50w | 3 | B 600 %8
5 42,500[ 38,000 8 6 1,700 16 20,500|%15,500 g 213 250 6
T 44,000 %m 8 — | 21,000 217,000 a2 300 8
0 [4looo| 375000 | T 5 | 2,000 20 21,000] 16500 | 21 | 12 350 n
12 50| 500 | 7 8 | lgis00{ 16500 | 25 | 38 | 1,000 10
15 43,000| 38,000 9 12 2,%00 Eg 17,500| 1%,000 g 10 2,000 12,5
18 ), 38,000 T 19 2,800 o 13 ,ggg 14,000 13 ﬁ
20 ) EET N, pap — )y - —
25 I4,000| 38,000 6 6 %,000 55 17,500) 13,000 | ko 30 k,500
Wo [43500| 39,50 | 9 | 15 (w0000 & 17,500 1,500 [ 14 | 3 | 7loeo g%
65 D [ Sviiny R —-— 17,300| 12,500 | 50 35 3,800

|




THABLE IIX

RUPTURE AND GHEEP TESTS RESULRS AT 1,200° AND 1,%00° ¥ FOR BAR S20CK ROLIZD ISUTHERNALLY

AP 1,800° OB £,000° P IN OLOSED PASSES

[mmmaptm-ummummmtwtmﬂ

.— 2 m L = maafh
Tewbad, &t L,E00- ¥

Raduotson, percent | tnitial | Rapture Reuotion | Minimm | Initdal | Rupturs Reduction | MHintwm
! . | stwens) | time, |Puwbure elongstion, |or area, | areep ,| streas, | tima, |Rupture elongabion, | or spes, |ovesp rets,
pal e peroent In 1 In. pexasnt parmm e, br parcent in 1 ix, pevoent | peresnt/hy
Rolled at 1,800° ¥
000 &L 6 8 0.05 25,000 ] 36 29 0,040
¥ %;mo 0 ok é 016 £0,000 226 it 12 a2
25,000 | {1,085) (Creep tast) . ,000 35h 13 £0 007
—_— - - ——— | 8,000 [(2,000) (Cresp best) | - 00003
= 000 h 6 Nil:] 24,000 =) 4 ] 02
oo | 1 T 'e 00 | o | w8 19 & -009
45,000 6% 10 B 6 it 13:@ Ly 3 8 Q03
23,000 | 11,0%0) (Creep tast 00006 »000 | (1,001) (Croep best) +00005
65 (using squars | 32,000 e &3 33 02 1h,000 3L 36 L ————
and. oval 5,000 a8 17 3 0% 8,000 258 - — <02k
passes) 40,000 ne{ 22 il 6,000 806 33 n +0065
25,000 | (999 (Creep test) " —— | —— - - ———
) Rolled &t 2,000° F
000 60 é wmmmmm | 80,000 1 6 0.03
e 251000 “ 2 0 ot 3 0.08 "B,‘% b E b 008
000 ep K o
—_ -~ ? — — B:ooo (:l.,oo"g {Creep tast) 00008
o5 55,000 5h 15 10 028 23,000 T6 ) 10 022
:ooo 32 E 14 £27 L 20,000 Jéz: 5 9 +008
000 8 011 15,000 -5 -] 002
25,000 | (1,000) (Oroep tesd) 000079 | 8,000 | (1,005) . (Creep teat) +00008

04
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TARLE IV

FMLARY OF RUPTURN AKD CHEEP PROPERTTES AY 1,200° AMD 1,500° P PoR
BAR STOCK ROLIED ISOTHERMALLY AT 1,800° F

OR £,000° F IN OLCSED PASEES

Beduction, psroent

Beeted at 1,%00°

F

Rupturs strengths,

L+

Hininmem m2 rate
- L iaahasnid ol ’

W'stmgthb,

?Entau.-pultbedmbun
slongwbicn, parcent
in 1 in.

m}m;ﬁ_m 3

v

100 hr | 1,000 nr

50,000 psl | 25,000 pel

100 hr | 2,000 b

200 b | 1,000 br

15,000 pei | 8,000 pai

Rolled b 1,800° B

1 53,000| 245,000 5 — 12,600 x 1073] & x 1075} 21,%0(216,000 25 - 200 x 07 3 x 100
25 ¥9,500] ehk,000 1 - 1,200 6 £1,,000| 814,300 R ag 300 5
65 ag.m square | 148,000] 39,000 20 a2 13,000 _ b5 10,500 5,700 36 38 8,000 2,h00
passes) i
Rolled sb £2,000° F° i
L] 52,000] “ 246,000 6 —— 5,000 ko £2,000| 15,000 5 9 koo
e 53,0000 46,000 | 13 13 g0 . | T3 B1,000] 14,300 .8 3 280

L2l¢ NI vOVN



52 NACA TN 3727
TABLE V
BRINEILIL HARDNESS OF AS-ROLLED BAR STOCK

(a) Isothermal rolling

Rolling temperature Hardness for reduction, percent, of -

°F ol 35| 7lwl2]s5 |18 |20 |25 [0 | 65

1,600 21k} =wm]221 | ~mm| 239 ] == | 255 | mmm | === |20 292|  ---
1,800 202| ~--|226|---| 237| -—-| 247 | -~ | --=|259|276| 284
2,000 202| -=~1215|~-=| 229| ==~ | 240 |~~~ |-== |245]2k0| 251
2,100 195| ---|213|218| 221 | 203|211 | === | -~ |22} | 210] -
2,200 18L4| 197|208 ]209]| 206] 200{ 185|191 |194 [198|202] 194
Closed passes
1,800 | | cme [ o] mm=| o= | 243 ) o | -= |263] ~—-| 251
2,000 cmn| mom| mmm [ o= | == === | 238 | <== | -—- [249| <=~ -=-
(b) Nonisothermal rolling
Rolling conditions Brinell
hardness
25 percent at 2,200° F plus 15 percent at 2,000° F 221
25 percent at 2,200° F plus 15 percent at 1,800° F 272
15 percent at 2,200° F plus 25 percent at 1,800° F 273
25 percent at 2,200° F plus 15 percent at 1,600° F 2718
10 percent each at 2,200°, 2,000°, 1,800°, and 1,600° F 27h
25 percent at 2,000° F plus 15 percent at 1,600° F 283
25 percent at 1,800° F plus 15 percent at 1,600° F 283

Heat to 1,800° F, 1/2 hr, roll 5 percent, cool to 1,500° F, 253
roll 5 percent, hold 2 hr, reheat to 1,800° F. Repeat
cycle 5 more times.

Heat to 2,000° F, 1/2 hr, roll 5 percent, cool to 1,500° F, 248
roll 5 percent, hold 2 hr, reheat to 2,000° F. Repeat
cycle 5 more times.

Heat to 2,200° F, 1/2 hr, roll 5 percemt, cool to 1,500° F, 2h8
roll 5 percent, hold 2 hr, reheat to 2,200° F. Repeat
cycle 5 more times.




NACA TN 3727
TABLE VI
VARTATIONS IN LATTICE PARAMETER

[Unless specified otherwise, specimens were alr cooled and measurements were made on
surfaces trensverse to rolling d:l.recl;io:il

(a) Influence of emount and ‘temperature of reduction

Reduction, percent | Iettice paremeter, A
Ralled at 1,600° F
0 3.587%
Rolled at 1,800° F
0 3.5890
(o] 3.5886
5 3.5877
10 3.5869
Lo 3.5891
ko 3.5887
Rolled at 2,000° F
0 3.5889
0 3.5889
5 3.5878
10 3.5870
15 3.5866
18 5.58?
;'18 3.5867
18 3.587L
25 3.5868 _
31 5.5870
22 3.5893
55 3.5890
ho 3.5906
bo 3.5895
65 3.5900
Rolled at 2,100° F
0 3.589%
3 3.5864
5 3.5863
5 3.5865
T 3.5870
9 3.5879
n 3.5887
12 3.5880
12 3.5883
L) 3.5892
25 3.5890
ko 3.5880

845° to rolling direction.
bgo® to rolling direction.

53
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NACA TN 3727

TABLE VI.~ Concluded
VARTATIONS IN IATTICE PARAMETER
(a) Influence of amount and temperature of reduction - Concluded

Reduction, percent | Iattice parsmeter, A

Rolled st 2,200° F

3.5900
3-5%”'
3.5878

3.5860

3.5866

3.5862
g.BS'H

SE58BGGEFq NO WL Lo
SEEBIBRSEE

(b) Inﬂuenceofcoo]ingra:teﬁ:amrehea:bteuq_)era:hn'e
[Specimens heated to indicated temperature, 1/2 hour, and water quenched]

Rehegt temperature, °F Lattice parameter, A
1’65 5.5857
1,825 3.5844
2,025 3.5847
2,225 3.5883

(c) Influence of cooling rate fram 2,025° ¥
[Specimens heated to 2,025° ¥, 1/2 hour, and cooled as indicated)

Method.ofcoo]ing Iattice parameter, A

011l quenched 3.5848
Cooled in vermiculite 3
Furnace cooled 5.58354
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EARLE VIT
RUPFURE AND CREEP HESUITE AP 1,200° F AND 1,500° ¥ FOR BAR SY00K ROLLED

OUVER ({TROTIED TEMPERAMIRE RANGES

[Pime for creep deots 4s dwation of besh and not ropture time)

lzle ML YovN

Tested b 1,200° ¥ Tested b 2,500° ¥
Rolling conditions Trdidel | Bupture Rednobion | Mintmm | Initiar | Bumbors Bedncbion
stress, t;l:, Rupture m!.n ] mbim., of aresa, | cTesp ﬁ, lh;il, 'lr.!h.nl, Bupbure mm 1 tm. ;f area,
Rolled 25 perosnt ab 2,8000 F 000 60 (Plece misaing 0.09% 80,000 58 52 L1 ]
i 15 Desoent a5 &'000° 7| ¥7 008 ] 10 ) 6 053 16,000 1 22 3%
2000 230 8 9 QT 12,000 ™ -1 a
38,000 l,im & 18 0055 e | e - -
£5,000 1 (1,1o0m) {Oreep bast) <0058 e | e == -
Rolled 2% percent ab £,800° ¥| 60,000 kL 5 . I 20,000 90 8 6
plne 15 parcent at 1,800° ¥| 55,000 % 5 & L0l 16,000 B0 1n 1
30,000 [ 9 0025 8,280 (736 icreep tant
25,000 | (1,273) (Creep teat) +00003 8,000 | (1,079 Creep test
iy Fevedod- o o S I TR 2l |mml w3 2
5000 2o & 9 003 24,000 T 3
T, 000 1,410 8 9 ﬁ 12,500 86'! '{ 6
000 1, -] T . 8,000 1 (2,146 Creep tesb)
25,000 | {1,008) (Creep test) 00002% | mrman- - —
Rolled £3 percent wb 2,2000 F| 60,000 121 3 2 e | 85,000 T 19 15
»lus 15 parcent o 1,600° 7| 33,000 | A8 R S oor | o 0 2 2
= P AN AhpURASF \waTey voou PAAAST | TS T o 4
Bolled each st 60,000 106 =) ea -019 23,000 use a7 1%
a,a:o%? m 1,80°, gg:ooo 76 = 16 w00l5 | 20,000 251 1 7
sod 1,6000 F ,000 | 2,091 27 .0028 2000 gLk 5 0019
25,000 l'i?d Ecrm test; 00006 | 8,000 | (2,07 (Creap tast) 000035
25,000 | (1,2 Creep tost +00008 ssnsssssnss | somsecsssimen - -
Bollsd 25 pavsant b 2,000° B 85,000 pTs: 10 1k smsunnas | 21,000 e 3 L
15 pexroent at 1,600° F| 53,000 19 19 0061 18,000 9 3
23,000 | (1,178) {Groep test) 000073 5000 '{ -3
e ~— - e | 8,000 {95%) Creqp tost)
Rollsd 85 peroent at 1,800° ¥| 60,000 Lo z 9 —————e | 20,000 ns 3. 9
Flus 1% percent st 1,600° ¥| 50,000 g L] +00HL 17,000 2 6
85,000 | (1,004 (Qreap tast) 00003 ,000 {55%) (Oreep tesb)

1«4



TABIA VIIZ

BIMHARY OF BUPTURE ARD CREEP FAGPERTTES AT 1,800° AMD 1,%00° ¥ JOR BAR BTOOK ROLIED

Rolling condditicne

T
B B

i

NN

33
=0
- w
L Lt

P el of
B HR &85
-4
e
"

%

i
:

g

:
:

-

v 1
8 &8
I
re e
%%

4a
gy

[

 mastad at 1,800° P Tooted 8t 1,000 F
i 7 el e il i
100 e | 1,000 hr | 100 br | 1,000 br | 90,000 poi |25,000 yei [200 hr | 1,000 br |100 ke | 1,000 kr | 35,000 pat | 8,000 pei

¥7,000] 39,000 © 2 9,20 ¥ 10°3[58 % 1077 171,800 11,500 | 20 LICIRTR T o [——
61,000| 18,000 s 6 530 5 19,500 3,500 | 15 - 1,000 18.5 % 1075
G0,000] 58,000 5 e ko0 2.5 85,300 13,000 5 5 £00 ok
61,,000| *49,500 3 b &0 b 21,%0| 13,50 | 19 5 o0 JRET—
60,000| ¥8,000 20 18 550 [ 83,300 16,000 -3 156 230 L]
€0,000/%9,000 | 10 - o TS £0,500| #15,000 3 el 2o 10
5,000| 846,000 L - ko 5 20,000 14,000 ] -— 600 [

9%
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TAE IX
RUPTURE AND CHEEP TESY RESULNS AT 1,800° AND 1,500° F FOR CYCLICALLY BOLIED BAR STOCK

l2le NI VOVN

[1ss tor oreep tests s dursticn of tewb and nob wuptare tlxs]
Tocted st 1,200° ¥ Tentod ok 1,500° F
Rolling acnditions Tofsdial | Bupture Reduction | Mindmm | Trdtiel | Rupture Reductdon
stress, | Lizme, hpturs elongablon, | "o ares, |crasp yate,| otress, | time, Bapture elongatiom, | “p aree,
el br peroent ol dn. | perognk [percest/nr | pet o percact in 1 in. parosct
Heat bo 1,800° ¥, 1/2 br, roll 5 par- | 50,000 & i =5 0.2 20,000 2% 23 k-]
'mt,o;altol'.,lséc"r:rbllﬁwr- £57000 ) I . 17,000 P = 25
oant, hold 2 hr, rabesk to 1,800° F.| 37,000 30 ko . , 000 L] 10 10
Rapest cyole 4 times. a5,000 | {2, (Croap best) 00073 [N - ot
Desb to 2,000° ¥, 1/2 hr, roll 5 per- | 95,000 108 18 18 0.3, 22,000 6 16 26
e Bt ort 20T oo | 2 3 96 | 100 5 H
at ayola & imea. ' *| 255000 (1,03] (Creap teat) ~000078 13'000 (e70) {Groep bent)
¥eab to 2,800° ¥, 1/ hr, roll 5 pa~ | 55,000 16 2 0.05 22,000 (=] -} T
,n;nl'lao:l’.,ﬁ,:"r:mu5)uu ig:ooo ﬂ n 16 a5 18,000 = 27
oent, h614 2 br, rebeet to 2,800° ¥.| 45,000 ogm 1? 19 .01 J.g,ooo 1,008 b1 12
Bepoab cyule ¥ times. 25,000 | (1,087} Creep tasy) 000036 ,000 | (2,170) (creep test)
BIE X
SOGMARY OF RUPTURN AND CRES? PROPERTIZS AT 1,2000 AND 1,%00° ¥ FOR CYOLICALLY ROLIED BAR ETOCK
Tested at 1,900° P Tegked st 1,500° F
Interpolated rupburs| Intarpolated rupturs
Folling conditions Ruptore strangihs, | o jomtion, paroent mmz"'“' Rupture strengthe;|e)onpation, percent
ool in1'dn, paroaxt, ped in 1 in,
100 hr | 2,000 hr | 200 b | 1,000 hr | 50,000 pei | 25,000 pal |100 hr | 1,000 hr | 100 he | 1,000 Iz
Esat t0 1,800° F, 1/2 br, roll 5 per- |47,000 | 34,500 %o 30 [eh000 x205| 730 x20%1z,600 | 6,500 20 0
osat, ooal to 1,500° ¥, roll 3 per-
osat, hold 2 br, rahsat to 1,800° F.
Repeet cyule b bimes,
Hoat to 2,000°0 ¥, 1/2 kr, roll 5 per= |53,%00 | Uk,000 8 1% 1,500 7.8 20,000 | 1,500 e 5
cemt, cool to 1,500° ¥, roll 3 per-
carh, hold 2 b, rehest 0 2,000° F.
Rapest ayols 4 times.
Eesb fo 2,200° F, 1/2 br, roll 5 par- |57,%00 | 4,000 & 20 2,000 5.6 m.000 | 19,000 25 13
camt, oool to 1,500° F, roll 5 pare
ommt, hold 2 hr, rohesb o 2,000° 7.
naputqnhk":haa.

LS



TARLE XT

RUPTURE AND CREEP TESX RESUIMS A% 1,200° ¥ FOR BAR G¥OCK ROLLND AS INDIOATED AND FHEN SOLUTTON TREATED
AT 2,000° ¥, 1 BXR, AND WATER QUENUHED

E.‘!mfmmtemuwimdhﬁuﬂ.mbmmﬂm]

. Rupture strongths, Minimim rate,
Initiel] Rupiure Reduction| Mimimm elongation, perosnt
Folling conditions |stress,| tima, mﬂ. of ares,|oreep rabe, pel in 1 in. paroant; e
i b percent |percent 100 kr | 1,000 hr | 200 hr | 1,000 kr | 50,000 pal | 25,000 psi
15 percent et 1,800° ¥ 50,000 17 11 16 ememee (15,000 | %0,000 8 12
2000 02 8 15 - -
ho,000 | 1, 12 16 - - -
£5 peroant ab 1,800° ¥ 48,000 51 12 14 e | 48,500 | 39,000 12 10
- 5,000 e v 10 0,005 —— —— - —
65 percent ab 1,800° ¥ 43,000 g2 i3 8 - - =3
,000 mﬂ 10 1e 0052 | h2,000 | 37,000 10 6 1,400 x 20~3} 58 x 10
37,000 956 [ 0 0035 | memen | e - —
25,000 | (1,00%) (Creep teat) 200038 | mmmmee | semmme — -
15 percent b 2,000° F| 45,000 86 1L 10 0.07 44,500 | 38,500 12 5 SO ————— | | %
o0 | 1,0 [ N =
25,000 | (1,0h6) (Creep tent) <00034
€5 peroent at 2,000° | 45,000 ‘l? (Brcke in threads) - - 35
5,000 | (1,000 {Creep test) +00035
17 parosnt &b 2,200° P| 15,000 29 1n 18 e | 43,000 [ 238,500 10 ag
ho,000 39 "6 7 —
o 3 s s el olle ann O n afy ~ AT h Avn 1 =Y -
=) POTORIIG BU L)aRn) X | ¥IyWA AL 2 pis] [e 130 Hr) S0 | meme— S
000 e56 T 11 ——

g4
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EABLE XIT
RUPTURE AND CREEP TEST RESUIAS AP 1,500° ¥ POR BAR BTOCK ROLIED AS INDIOATED AND ¥HEN SOLUTION EREATED
A® 2,800° ¥, 1 BOUR, AND WATRR QUENCHED

Todbial mwm et o e e Reduoction| Minimum !‘Lmtlﬂﬂ B_I:!a:ngl;ha, alongation, parosrs Woirnm . m,
Rolling conditioms |sivess,| btime, |PWWEE GlONEEUion,| of ares, |cresp rete, pei " 4n 1 in. percent/hr
pel I peroent in 1 in, paroart e
200 hr | 1,000 br | 100 b | 1,000 hr | 15,000 pei 8,000 pet

15 percant st 1,600° (18,000 | 158 i} 52 0.11 18,500 | =ree—em b8 —— e e | e
15 pexcent at 1,800° F{18,000 | 108 I £9 musus | 18,000 | —mmm—mm lu_r — e ———— —
65 percent ab 1,800° P[18,000 | 127 51 0. 18 000 mrerrr——| —

:) J.H-:mo i = g% 0 _13- ,500 | 13, 30 3
15 percent ab 2,000° ¥{18,000 | 13k 1] 50 ——— 128,500 | cecerr - — oo | o=
65 pavosnt at 2,000° ¥| 18,000 =1 ko 0.250 |27,%00 | ®1k,000 1,700 X 1075  wee

! 15,000 ¥ 55 55 ar [ ’ - i !
15 perocent «t 2,800° F]18,000 | 86 b 53 e | 27,500 | wemmee— =0 -— S I

BExtrapalebed,

Lzle NI vovN
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AT 2,200° F, 1 HOUR, WATER QUEINCHED, AND AGED AT 1,h00° F PR 24 HOURS

TABIE XITT
RUPTURE AND CREEP TEST RESULES AT 1,200 F FOR BAR BTOCK ROLLED AS INDIOATED AND THEN SOLUTION TREATED

frime for creep tests is durstion of test and not rupbure time]

Tmberpolated rupbure|
Tnitial{ Rupture w1op, (ROGUGEI0R] Mt Ruptare SUrangtlss) elongation, parostt mm:cm‘fgr’m’
Rolling conditions |mtress,| tims, |FUPbLXe elongmtion,| or area, |orsep rate, 2 in 1 in. r
pel hr pereant in L dn. | peroent |percent/hr
100 br | 1,000 hre | 100 hr 1,000 hr 50,000 pai | 25,000 pai
25 percent st 1,500° F| k9,000 62 12 kiR 0.075 47,000 | 39,000 10 10 9,000 % 1077|235 x 1079
15,000 ﬁ\?” 1 12 0%
Lo 000 8kl n 13 L0076
23,000 | (%,036) (Creep ten}) .00035
40 parcent ab 1,800° F| 4T,000 116 13 15 073 k7,000 | 40,000 1z 15 6,000 ix
45,000 58 7 1B .027
11,000 (73 i1 =, 012
25,000 (986) (Croep tesb) .000k3
25 percent at 2,000° M k9,000 62 19 13 0.16 7,000 | 41,000 0 %0 7,000 [P
%, 000 263 12 36 )
42,000 k0 12 1 LOLT
&0 parcent at 2,000° ﬂha,ooo 19 13 iz .obk 49,000 | 39,000 15 10 6,000 ————
5,000 225 n 12 O
,000 605 10 1e 0L
25 percent at 2,200° ¥ 50,000 6l n 10 0.085 48,000 | 958,000 a 8 8,500 36
7,600 148 1 9 N
40,000 Y- ] 8 9 00T
25,000 | (1,00T) (Cresp tast) +00036
ko percent &t 2,200° F Eo,ooo 87 - - caee——  |49,000 | 38,000 10 14 8,500 S,
5,000 195 8 1 035
%0, =80 14 b .016
15 percent at 2,200° F| 8,000 18 9 ih o.g 48,000 | 40,000 10 15 5,000 k2
plus 25 parcent at | 45,000 163 1 13 .
1,800° ¥ 40,000 | 1,163 20 20 R,
25,000 | (1,657) (Oreop tesr-) .000k2

Spctrapolated.
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TABLE XIV

RUPTURE AND CHEEP TEST RESUIAS AT 1,500° P FOR BAR STOCK BOLLED AS INDICATED AND THEN SOLUTTION TRENTED

AT 2,000° ¥, 1 HEOUR, WATER QUENOHED, AND AGED AT 1,400° F FoR 2% BOURS

Frixe for creep testa is duration of test and not rupture tims|

Rupturs Hinhmm Rupture strengths slongati percent Mintom rate
Rolling conditions time, |RUpture elomgation, creep rata, el ’ !.nmi,in. PBNW&;E‘ ’
br Ppereetit/iT "100 bw| 1,000 b | 100 br | 2,000 kx | 15,000 pai |8,000 pel
25 parcent at 1,8000 ¥ 10 29 335 0.065 18,000| 12,500 30 12 1,400 x 107?10 x 107
336 25 7 016
1,25k 1z 9 0012
(1,118) { .0001
(986) .00003
k0 percant at 1,800° F 53 22 23 220 17,000| 913,500 a5 Bz 2,200 [E—
ol a4 28 053
Lo 26 28 013
2% percent at 2,000° 7 13e -] 26 C.064 18,500 12,%00 = i 2,000 ————
2% 12 22 01
Wik — — 006k
>1,526 (Turned off) 0002
b0 percent at 2,000° F T2 3k 29 e | 18,000| 13,000 30 2k 2,000 ———
g& 28 3 028
7 24 30 0075
£5 percent ab 2,200° P o8 29 0.11 18,000 13,000 o8 10 1,300 ————
1k 20 018
132 17 .
4o percent at 2,200° F 100 30 .08 18,000 13,000 20 — 1;k00 ————
‘ 336 7 s | o [T ’ ’
>1,087 Turnsd off) #0054
25 percent ab 2,200° F 86 36 39 o.ﬂs 17,500| 128,500 33 30 1,%0 @ |———--
plus %5 percent at 285 >a a, . X
1,800° ¥ 857 %0 19 004

lzLe WL YOVN




‘EABIR XV

ROPTURE AND CREEP TEST RESUINS AP 1,200° F FOR BAR S20CK ROLIED AS INDIUATED AND THEN

SOLURION TREATED AT 2,050° F, 2 HOURS, AND MATER QUENCEED

[Pime for cxeep tests is duration of test snd not rupbure time]

Trdtdal| Rupture Rednoticn| Mtntmm W"f‘“ﬂ"m: fd ; Hirdmm rate,
Holling ocrditioms |otress,| time, |BUREurs m""‘" of aves,|orsep rate, »8 in 1 in. peroent;
pet [ mr | F /o 100 B | 1,000 Ir | 100 Br | 1,000 kx| 50,000 el |25,000 pet
15 percent at 1,600° ¥ Eg,ooo 16 1 13 | eeemeee Mi,500 | 38,000 1 1 |2,800 x 107750 % 109
,000 1 13 o
33,000 >:L,1f; >0 (Turned off) 0.0053
. 23,000 | (91k) (Creap test) 0003
15 percemt at 1,800° F Eg'm Lo 8 16 e 56,500 | 839,000 10 Bo 3,700 4o
, 000 :ag 0 15 0.012
85,000 | (960 (Creep test) +000%
5 peramad &b 1,800° zg,ooo hi 10 13 Ol 48,000 | k2,000 10 20 &, 000 L1
,000 & a3 16 013
£5,000 | (1,170) {Creep test) 000l
4o pareent et 1,800° ¥| 50,000 > T 10 wmmmewe | 48,500 | 858,000 19 %10
,000 3e7 12 13 L0165
63 percent at 1,800° F|%0,000 27 9 12 i | H7,800 | —meem 10 a—
15,000 345 12 1 0.02
15 percent at 2,000° F|30,000 h § T T wemawen | 43,000 | 238,000 -_— — ST— |+ 3
,000 3? —— - 0.016
£5,000 | {1,134 (Cresp tast) 00054
25 percent st £,000° F| 350,000 1h 5 18 -— ~—— RS -
T,000 26 9 8 —————
,000 3? 10 a6 0.083
25,000 |(1,001 (Oreap test) 0006
k0 parcent at 2,000° ¥| 48,000 &k 8 2k o1 e | e - —

Sgxtrapol xted.
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TABLE XV.- Concluded

RIPTOEE AND ONEEP TEST RESULZS AP 1,200° ¥ FOR BAR STOCK ROLLED AS IHDIOATED AND THEN
S0IDTTN THEAMTED AT 2,050° ¥, B EOURS, AND WATER QUENCHED

[oime for croap tests 15 duration of test end not ruptuwe ting

Inberpolated rupture
Initial |Rugbare aloogstiion mml Winimm W”“‘W’ slongetion, pervent %ﬁm"'
Rolling conditions {stress,| tima, peressh n 1 iz ?| of area,|creep rate, in 1 in,
pel | br peroent | peroent/tr [7 00T 000 1 | 200 Br | 1,000 b | 50,000 pat |25,000 pol
15 peroent at £,200° F ﬁ,ooo ko 10 15 —memeee | b7,000| %0,500 10 8 2,200 x 2077|60 x 1077
»000 hed 8 [ 0.01
25,000 | (897) {Oresp tast) +0005
pereent at 2,200° F|30,000 i8 io b=} e | X8,000] 38,000 10 —— [ - ]
> e puzg >81’; 21'urned ; 006k ' !
25,000 (1,277 Creap test 0008k
Lo peroant at 2,200° ¥| k5,000 15 T 7 ———eee | 85,000] ——reum T —
g pﬂ'@é!_ﬂ:- st g;_.- r B;C@ $ 12 hh i SEeT——— TJ,M g;jn),% l'br % !",HM 55
plus 13 percent = ,000 6 19 16 0.017
1,600° F 25,000 |(1,155) (Creep tegt) «00053
Rolled 10 percent sach| gg,ooo h 9 hL,] 8 48,000| ho,000 12 -— 8,000 ]
st 2, , 2,0009 ,000 103 12 1 040
1,800°, a 1,600° 7|koj000 | >Bk@ (ourmad, ott) .0062
25,000 | (1,123) (Creap taaih_ 00049

lzle N vovn
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TAELE XVI

RUPTURE AND CREEP TEST HESUINS AF 1,500° ¥ FOR BAR SYOOK ROLLED AS DMDIOATED MD ¥HEX

SOLUTION TREATED AT £,090° P, 2 BOURS, AND WATER QUENCHED

[Time for creep tests is duriion of test and mob rupture ‘sine]

Ruphae sbrengths, Minimm creep rate,
Bednotd Winimom don,
WAL Ene anddddans g:i. h;l?‘-hlni’e m;m in I in in l_fl!: araen _’-'-_;'QQ; pﬂi dﬂd;-—g l’irm m/m‘
pd [ b peroent [pevoamt/ir | T T 000 b | 200 br | 1,000 1r | 19,000 pad | 8,000 pet
15 parcent at 1,600° ¥|a3,000 16 58 6:% ~em-—— | 18,000| 212,800 6o - 5,200 X 1008 5 x 107
000 T0 ————
12:000 ]5153 i’ 5L 0.02T
1,000 | 3L 3 - 085
5,000 | (544) {Creep tost) #0005
15 paxcant a5 1,800° P|20,000 30 &h 3T —— LA VL 50 - —| 6
16,000 204 :% X% ——
8,000 | (961) Oreep test)
yevomt wt 1,800° F|20,000 &0 &L 0.320 17,500| #12,000 ) - 4,000 ——
= "o 14,000 | 489 Ty i’;’ s el lan ’
65 peroent ot 1,800° ¥|16,000 95 5 =5 - -
15 percent &b 8,000° ¥|20,000 2 {; sh 0.560 17,000| 12,500 50 » 5,500 6.5
o | et 2| o
E,MUWA 1;-!w E '1"0 PAST
8,000 | *{9T3) (Creep tesh) v
25 percent a8 2,000° ¥|20,000 34 33 32 ———— | 17,000] 12,000 50 3 |2,800 .
y :000 %Z 3 4 “ohe ? ] 1]
12,500 » % .00kB
ko percent at 2,000 ¥|18,000 58 €5 a 20 16,000| =mwe— 50 - 5,000 U
) 13,000 k7o AT Y] 006

Sprirapolated.
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TABLE

Vi.~ Conaluded

HUPTURH AND CREGF TEST HESULIS AT 1,500° F FOR BAR STOCK ROLLED A8 INDIOATED AMD TEHEX
BOLUTION TREATED AT 2,050° P, 2 HOURS, AMD WADER QUENCHED

[Pime for creep tests is durabion of test and not rupture time

Thrmkrren shranchls | DI0erDOLabed rupture| o0 .. e
Txdbiel Reduction| Mindmm |[™F"F ;"‘"“""” elongation, pexcent | ™ “‘ﬁ ket
Bolling oonditians |mtress,( time, " 2" 0L M Y dn avea, creep rate, P in 1 4n. paxcemt
pal | b pevcant | parommt/hr [0 TG0 T | 200 ir | 1,000 Br | 15,000 pek. |8,000 3ok
15 percant xb 2,200° F|20,000 L7 67 ?& e [17,500 | %13,000 55 240 k,000 x 107712 x 107 |.
14,000 ne5 ko ks 0,021,
8,000 |(1,176) (Craep basth) 00081
£5 percent at 2,200° F|23,000 L a 52 e [28,500 | et 50 ——-—
,000 155 57 06
¥0 percent ab 2,200° ¥|15,000 £70 53 53 - —
2% percemt st 2,200° ¥|20,000 3 b ko e {27,000 | ®13,000 4 -— k,200 10
plus 19 peroant at 13,000 276 T3 a1 0.043
1,600° ¥ 8,000 | (987) (Oresp tesb) 00005
Rolled 10 sach|20,000 k6 6k 0 0.2 18,000 | 13,000 50 ko 3,100 ——
&t 2,B00°, 8,000°, [1%,000 580 53 5] L9
1’ 3 1,&05

Lele BL VOVN



TARIE XVID

FUPIURA AND OXEEF TEST RESULTE AT 1,200° ¥ JOR RAR-S900X-ROLIED A5 DIDIOATED AND TUOY BOTLIFION TMEATED
&2 2,050 7, B EDURG, WATER QUINCHED, AND BOX-COLD-VURKED 23 FGIOERT &F 1,200° F

L'anu’ for aroop toskn is Guradica of tesv wnd nob rupbure w.-"}

Tettial, | Begtieen | pow s o opoatacn, | BoSuoticn [ Hizbmm Wmm, d-mmum,l ? t Mininm rate,
Rolling souditions strens, | 4w, peroant 4n 1 in. of aes, mm, in 1 im.
ol b paroart 100 2 [1,000 br | 100 ke | 1,000 ha | 50,000 pas| 23,000 pal
Faat to Py hr, roll 3 60,000 2 0,048 000 A &
e 1N | A A - R Il
Repest cycle 3 move irss, | 2o | ol Toreep tert) 00008
Eaat ta 2,000° ¥, hy, rall 3 000 | 5 0.00%3 000 000 3 -
oent, mni.lg" r:nu:m %:m :ig 2 19 0085 i % % '
qons, held 2 he, yehest to 2,000° 7. | 0,000 xﬁ oﬂ} 0003
Bupest cyele 3 more times. m,000 | (1, Jroep tent 10000k
Heat 0 2,200° ¥, 1/2 ke, xall % pae- | 50,000 1k (Ercke in thevads wmameen | 86,000 000 & b .
oand, mui,:&r’mw& b:m 2 )J 0,008 e & w3
oty hold @ L, rebeal ta 8,800 7. | 50,000 1 5 40008
Tugeat cyole 5 more tlwes. 29,000 | (1,090} {Oromp vony) 1000045
WARIE XVITT

BOPYCRR AMD CREED WEOT NESUING AT 1,000 T TOR RAR BYOOK ROLIED AS INDICASED ARD THIX COLIZFION MEEAYSD
¥R Q,050° ¥, 2 NOURS, VATER QUOICMED, AND EOF-COLO-SORKED 15 FERCERT AT 1,800° T

E—hn—nhﬂ-‘- ol hash =
[Bime for creap tashs Ls drwiton of bomb mod nob wphure dimi]
Tartarpolabed rupiure
Tuttial | Rapture Botuckion | Jinime | ZFSEY strecqihe, | G oasticn; vevoey | HLNIIm creep rats,
Falling agnditicns strosu, | we, mw of srea, | areep rats, el in 1 in. peroush
i | b Perosch | peroant/lr o001 13,000 b | 200 Er | 1,000 b | 15,000 pat | 8,000 pel
s 40 2,800° 7, /2 br, Yol 5 par- | £5,000 3 1 3 e | 55,800 16,000 2 10 [woxwd|s xi10P
sect, oml to 1,500 ¥, roll 5 ger- | 82000 o 1§ . 19 0,001 Bisiaad B ao 3 %
oent, Bold 8 v, roboss b0 ¥, | 18,000 5? n it} 00
Tepesk ayela 5 xoce imes. 8,000 | (1,1€3 (Creap tast) 00005
mwe,ooo’ri:;ﬁhr,nus:pu- £5,000 50 15 0 0250 2%,000| 18,000 0 T 100 T
oea¥, cocl to ¥ rall 5 000 9 0078
oozt Boid 8 b rehost o 8,000 F. %m ﬁ I 13 00k
Rapest ayula 5 zore thesn. ,000 | (1,00 Creap tast) 00007
Beat to 2,200° ¥, 1/2 br, 1oll 5 por- | 25,000 ] 13 ] ooo| 17,500 1 10 5.4
wcat, cock 1o 1,5000 ¥, roll 3 per- | 22,000 185 1 15 a.f Bo0| 1 ™
camt; bald B hry robem to B,200° F. | 18,000 (93\ g 9 )
Bapest oyola 3 xove tdees. 8,000 ) Cresp tant) 0000k,

lgle NI VOvM



b b et = el e e e e —

TABLE XIX

COMPARATIVE DATA QN BZSPONOE TO HEAT TREATMERT

Ruptore strangths, perosnt

Becondary creop rate, percemb/hr

Bow | Tem., 1,200° ¥ 1,5%00 ¥ Reference
100 hr 1,000 h 100 br | 1,000 k . r '
] 50,000 pel | 23,000 pel 13,000 pai [ 8,000 pal
' 2,030° ¥, 2 I, ool water guanched
30276 | 1,200 %00 000 10 20 3,
A1726 | 1,200 | 45,000 %o :afooo 8,000 to ﬁ:ooo Ttol3 | 84020 (&)
2,050° ¥, £ hr, waber quenched, and heb-ssld~worked 15 percent ab 1,200° ¥
30276 | 1,200 62,000 3,500 1 ] 0.0009 0.000015 1,6
a-27e8 | 1oeco 55,000 ga:ooo }’; 1.5 | 0.0007 to 0,000 [ 0.0000% to 0.00007 3
41726 | 1,200 | 53,000 to 57,000 | 39,000 to iﬂa'% 1 'L: (a)
20ETo 15200 =2
A-LT26 1:500 ﬂ:mo i.x:ouo 1k [ 0.0008 | wommmmnm
A-1T26 | 1,500 | £3,%0 to 24,000 | 16,000 b0 18,000 |20 40 20 | T to 10 0.0006 to 0.0008 | wememmam {a)
2,200° ¥, 1 hr, snd wator guonched
W"" 1,200 '%E'm m’m 5 § 1;6
A 1,800 | k2,000 to 45,000 | 37,000 to ro,ooo Beoie | 64012 {e)
%276 | 1,500 19,000 14,500 % 6
A-L726 | 1,500 | 17,500 to 13,500 | 13,000 to 14,000 | kL to 50 | 35 4o (a)
2,200° ¥, 1 kx, waber guenched, and aged 2% hr ab 1,400° F
30276 | 1,800 zo,ooo k2,000 14 -} 2,6
A-LTE6 | 1,800 7,000 12,000 0 10 0.09 0.00023 6
41786 | 2,200 | 47,000 to k9,000 | 38,000 o 40,000 | 20 b0 20 | 8 %o 13 0.03 to 0,09 | 0.00033 to 0.000k5 (»)
30876 1,700 £,,000 hy 20 - - &
A-1726 | 1,%00 £1,,000 14,500 » 33 0,008 | 0.000033 6
AlT26 | 2,300 | 17,500 to 18,000 | 12,500 to 13,300 | 23 o 38 | 10 to %0 0,013 to 0.02% 20001 (=)

Bpate from this report.
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(2,200° F, 1 hr, and water quenched)

Solution treated

Rolled isothermally at

indicated temperature
\ 4
J | | L |
1,600° F 1,800° F 2,000° F 2,100° F 2,2000 F
—jl - ; |
Y Rolled 0, 3, 5, |
Rolled 0, 5, 10, Rolled 0, 5, 10, Rolled 0, b, 10, 7,10, 12, 16,
Rolled 0, 5, 10, 15, 25,2 40,2 15, 25, 40,2 12, 15, 25, 18, 20, 25,
15, 26,2 and and 852 per~ end 858 per- and 402 per- 40 2 and 6BR "
40 percent cent cent cent percent
! !

Rolled 15, 25, and 658 percent
in closed passes

8Reductions required one or more rehests,

Rolled 16 and 26 percent
in closed passes

(a) Isothermel rolling.

Figure 1.- Flow sheet of rolling program. Reductions were mede in open passes umless otherwlse

indicated

89
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| An-recetved 7/8-inch ber stock

Solution treated
{2,200° I, 1 hr, and water quenched)

Rolled no

at Indeatad temparainras

! I
26 parcent at "85 percent at 15 parcent at 26 percert st 26 percent at
2,2000 ¥ plus 3,200° F plus £,3000 F plus 2,2000 F plus 2,2000, 2,000°, 2,000° F plus 1§8°° ¥ plus
10 perceni at 10 percent at 206 percent at 156 percant at 1,800V, and 15 percent at 16 percent at
2,0000 F 1,8000 F 1,800° P . 1,800°F I 1,8000'F . 1,800°F 1,600° F
CycHc
rolling
Hestad to 1,800° F, 1/2 hr, Hostad to 2,000° F, 1/2 hr, Heated to 2,200 F, 1/2 hr,
rolled G percent, coolsd to rolled 6 percent, cooled to rolled 6 percent, cocled to
1,500° ¥, rolled 6 percent, 1,500° F, rolled & 1,600° P, rollad 6 percent,

held 2 hr, rehastad to
2,000° F, (Repeat cycle
three more times,)

held 8 hr, rehested to
1,800° F,” (Repeat cycle

thrae more timea,)

held 2 hr, rehagtad to
2,2000 F.' (Repeat cycle
three more times.}

(b) Nonisothermal rolling.

Figure l.- Concluded.

L2l NI VOVH
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T0 NACA TN 3727

50 x 103

4% /‘——-.100 hours

40 1,000 b
M—_.// ours

35

(a) Tested at 1,200° F.

253

% fjr"\ —
.’f\\\f— |

1,000 hours
\.\ it ____,

Rupture strength, psi

10

0 10 20 30 40 50 60
Reduction, percent

(b) Tested at 1,500° F.

Figure 2.- Influence of isothermal reductions at 2,200° F on as-rolled
100- and 1,000-hour rupture strengths at 1,200° and 1,500° F. Reduc-
tions larger than 25 percent required one or more reheats during

rolling.



0s

NACA TN 3727

Rupture strength, psi

Figure 3.- Influence of isothermal reductions at 2,100° F on as-rolled
100~ and 1,000-hour rupture strengths at l,200° and 1,500° F. Reduc-
tion of 40 percent required one reheat during rolling.

50 % 103

/

45

\\# 100 hours

!

\\? 1,000 hours

(a) Tested at 1,200° F.

15 7&&‘\\

\

100 hours}

.

10 b .
\ 1,000 hours
5
0 10 20 30 40 50
Reduction, percent.

(b) Tested at 1,500° F.




T2 NACA TN 3727

60x 103
. J
100 howurs

[ ]
,\ . 41,000 hours

45J

40
@ Reduction in open passes
m Reduction in closed passes

35
a
o
g %5 (=) Tested at 1,200° F.
g
20 #// ]
S h 100 hours | _ @&
15 5
) \n\\.l,ooo hourg . 4

[ 10 20 30 40 50 80
Reduction, percent

(=)

(v) Tested at 1,500° F.

Figure 4.- Influence of isothermal reductions at 2,000° F on as-rolled
100- and 1,000-hour rupture strengths at 1,200° end 1,500° F. Reduc-
tions larger than 25 percent required one or more reheats during

rolling.



NACA TN 3727 T3

60 x 103 . i
\ /L\ 100 hours

45

\.\ 1’000 hO'lJJ’.‘S
1

\

® Redt'xcﬁon in open passes
8 Reduction in closed passes -

s

pe]
(52

(a) Tested at 1,200° F.

\ 100 hours

Rupture strength, psi
[\
Al

i

fury

1
-1.,000 hours

40 50 80
Reduction, percent

5
8
8

(b) Tested at 1,500° F.

Figure 5.- Influence of isothermal reductions at 1,800° F on as-rolled
100- end 1,000-hour rupture strengths at 1,200° and 1,500° F. Reduc-
tions larger than 25 percent required one or more rebeats during

rolling.




™™ NACA TN 3727

80 x 103

S— T100 hours

7
i

55

=

f1-8
(3]
'

Rupture strength, psi
‘!

1,000 hours

(a) Tested at_1,200° F.

\ 100 hours

[N

2

\'qT',OOO hours

5
r

)

o

10 20 30 40 50 80
Reduction, percent

(b) Tested at 1,500° F.

Figure 6.- Influence of isothermal reductions at ]1,600° F on as-rolled
100- and 1,000-hour rupture strengths at 1,200° and 1,500° F. Redue-
+tions larger than 15 percent required one or more reheats during
rolling.



[ Reduction,
80" x 104 Code percent
1 . e 0
100 hours —_— 15
T — — 40
T~ A 65
50 —~1+—d\ X  Maximum strength
\\\ A 85 {closed pass)
3
. ~—doed \ 25 x 103 .
— L)
r \I7 ——
” N/ _
2 f = N
a, q T T~ ——]
gn 35 N 15
9 50 a j 100 hours
& 1,000 hours 5 10
45 20 i —_—
— 1,000 hours
40 LN 1 ~
85 e *’/ 10
5
B?,r:soo 1,800 2,000 2,200 1,800 1,800 X 2,200

Rolling temperature, °F

(a) Rupture strengths at 1,200° F.

Rolling temperature, °F

(b) Rupture strengths st 1,500° F.

Figure T.- Influence of tempersature of hot-working on rupture strengths for 100 end 1,000 hours
at 1,200° and 1,500° F.
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76 NACA TN 3727

250
O 100 hours
p 20
:,E':) x 1,000 hours
S 15 —X )—
E 8 K v/
3 S~
a8 S~
S84 10 ¥
B [
2
‘g 5
0

(a) Reductions for meximum rupture strength.

25 x 103 : — |

o |

-

1,600 1,800 2,000 2,200
Rolling temperature, °F

=
[ y]
=¥

Rupture strength,
psi

(b) Maximm rupture strengths.

Figure 8.- Reduction by rolling for meximum rupture strength at 1,500° F.



Interpolsted rupture elongations, percent

6O ——=1
/u/
401 }D‘/
_a
% -

Tiafy

el

. 00-hr slongation
\ O 1,2000 F

\ @ 1,000-hr elongstion

10 4
\ _.-—? 100-hr elo

- ngation
-& ‘0’*-—%-/—" - E o 1,500 F

Y T m 1,000-hr elongstion

0 .
0 10 20 30 40 B0 80 70

Reduction, percent

Figure 9.- Influence of isothermal reductions at 2,200° F on as-rolled
100~ and 1,000-hour interpolated rupture elongsbions at 1,200° and
1,500° F. Reductions larger than 25 percent required one or more
reheats during rolling.
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Lnterpolated rupture elongations, percent

Reduction, percent

80
100-h» slonestion
0 1,2000 F
Il @ 1,000-br elongation
50 B [ 100-hr elongation
- 1,500° F
/ m 1,000-hr elongation
4of1
N /
% g ! /
/c/ a
20 hﬂ/ /
- — /——- -9
O~
e A P oS
10 -
o
0 :
10 20 30 40 50 80

Figure 10.- Influence of isothermal reductions ab 2,1009 F on as-rolled
100~ and 1,000-hour interpoleted rupture elongations et 1,200° and
1,500° F. Reduction of 40 percent required one reheat during rolling.

gl
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Interpolated rupture elongations, percent

™
u
L}

1,000-hr elongation

” II A———/’/
PSS P _x
-
AN Y//
el -T ]
00 10 20 30 40 50 60 70

Raduction, percant

Figure 11.- Influence of isothermal reductions et 2,000° F on as-rolled
100- and 1,000-hour interpolated rupture elongetions at 1,200° and

1,500° F.
rehents during rolling.

Reductione lerger than 25 percent required one or more

lzle NI VOVN
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Interpolated rupture elongations, porcent

80
100-hr elongation

o

L 1,200° F
\ @ 1,000~hr eiongation
50 O 100~hr elongation
1,600° F
B 1,000-hr elongation '

TG

T T\

”

™

10

\ / <
/ ~
F‘-

0 10 20 30 40 60 80 70
Reduction, percent

Figure 12.- Influence of isothermal reductions at 1,800° F on as-rolled
100- and 1,000-hour interpolated rupture elongations at 1,200° and
l,500° F. Reductions larger then 25 percent required one or more
reheats during rolling.
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NACA TN 3727 81

70
O  100-hr elongation
1,200° F
@® 1,000-hr elongation
60 -
(O 100-hr elongation
1,500° F
» BB 1,000-hr elongation
o
=
8,
&
.O
i 40 —-
g
(0]
()]
3
)
& 30 3
~
3
3
(o]
£
8
H 20
-
10
O
ol L .
0 10 20 30 40 50 60

Reductloﬁ, percent

Figure 13.- Influence of isothermsl reduction at l,600° F on the as-rolled
100~ and 1,000-hour interpolated rupture elongetions at 1,200° and
1,500° F. Reduction of 40 percent required one reheat during rolling.
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Figure 15.- Influence of isothermal reductions at indicated rolling
temperature on as-rolled minimm creep rates for 50,000 psi at
1,200° F. Reductions larger than 15 percent at l‘,6000 F or larger than
25 percent at 1,800° F and sbove required one or more reheats during
rolling.
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Figure 16.- Influence of isothermal reductions at indicated rolling tem~
perature on as-rolled minimum creep rates in 1,000 hours for 25,000 psi
at 1,200° F. Reductions larger than 15 percenmt at 1,600° F or larger
than 25 percent at 1,800° F and above required one or more reheats
during rolling.
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Figure 17.- Influence of isothermal reductions at indicated rolling tem-
peratures on as-rolled minimm creep rate for 15,000 psi at 1,500° F.
Reductions larger than 15 percent at 1,600° F or larger than 25 percent
at l,800° F and above required one or more reheats during rolling.
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Figure 18.~ Influence of isothermal reductions at indicated rolling tem-
peratures on as-rolled minimum creep rate in 1,000 hours for 8,000 psi
at l,500° F. Reductions larger than 15 percent at l,800° F and above
required one or more reheats during rolling.
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maximum creep and rupture properties at 1,200° and 1,500° F for indi-
ceted condltions.
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Figure 21.- Effect of lsothermal reductions at 1,600° F on microstructures.
Bar stock was solution treated at 2,200° F, 1 hour, and water quenched
prior to rolling. (Electrolytically etched in 10 percent chromic acid.)
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Figure 21.- Concluded.
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Figure 22.- Effect of isothermal reductions at 1,800° F on microstructures.
Bar stock was solution treated at 2,200° F, 1 hour, and water quenched
prior to rolling. (Electrolytically etched in 10 percent chromic acid.)
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Figure 23.- Effect of isothermal reductions at 2,000° F on microstructures.
Bar stock was solution treated at 2,200° F, 1 hour, and water quenched

prior to rolling.

(Electrolytically etched in 10 percent chromic acid.)
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Figure 25.-~ Concluded.
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Figure 24.- Effect of isothermal reductions at 2,200° F on microstructures.
Bar stock was solution treated at 2,200° F, 1 hour, and water quenched
prior to rolling. (Electrolytically etched in 10 percent chromic acid.)
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Figure 24,- Concluded.
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(b) Rolled@ 10 percent. ]:""92J-|-96

Flgure 25.- Microstructures after creep testing for 1,000 hours at l,200° F
with stress of 25,000 psi. Prior to testing, bar stock was solution
treated at 2,200° F, 1 hour, water quenched, and rolled at 1,600° F as
indicated. (Electrolytically etched in 10 percent chromic acid.)
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Figure 25.- Concluded.
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(b) Rolled 10 percent.

Figure 26.- Microstructures after creep testing for 1,000 hours at 1,200° F
with stress of 25,000 psi. Prior to testing, bar stock was solution
treated at 2,200° F, 1 hour, water quenched, and rolled at 2,200° F as
indicated. (Electrolytically etched in 10 percent chromic acid.)
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Figure 27.~ Typical microstructures after creep testing for 1,000 hours
at 1,500° F with stress of 8,000 psi. Prior to testing, bar stock was
solution treated at 2,200° F, 1 hour, water quenched, and rolled as
indicated. (Electrolytically etched in 10 percent chromic acid.)
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Figure 3l.- Influence of cooling rate from reheat temperature on lattice
paremeter. Specimens solution treated at 2,200° F, 1 hour, water
quenched, reheated to indicated reheat temperature for 1/2 hour, and
cooled as indlcated.
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(v) Rolled 25 percent at 2,200° F plus 15 percent at 1,800 F.

Figure 36.- Effect of nonisothermal reductions on microstructures. Bar
stock was solution treated, 1 hour, water quenched, and then rolled
as indicated. (Electrolybica.l]y etched in 10 percent chromic acid.)
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Figure 36.- Concluded.
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(b) Rolled 25 percent at 2,200° F plus 15 percent at 1,800° F
2 >
(1,175 hours).

Figure 37.- Microstructures after creep testing for 1,000 hours at

1,200° F with stress of 25,000 psi.
2 )

Prior to testing, bar stock was

solution treated at 2,200° ¥, 1 hour, water quenched, and rolled as

indicated. (Electrolytically etched

in 10 percent chromic acid.)
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(¢) Rolled 10 percent each at 2,200°, 2,000°, 1,800°, and 1,600° F
(1,155 hours).
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(d) Rolled 25 percent at 2,000° F plus 15 percent at 1,600° F
>

(1,178 hours).

Figure 3T7.- Concluded.
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Figure 38.- Effect of cyclic rolling on the 100- and 1,000-hour rupture strengths at 1,200°
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Minimum creep rate, percent/hr

NACA TN 3727
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OHeat to 1,800° F, 1/2 hr, roll 5 percent, cool
to 1,500° F, roll 5 percent, hold 2 hr, reheat
to 1,800° F. Repeat cycle three more times.

A A Heat to 2,000° F, 1/2 hr, roll 5 percent, cool
to 1,500° F, roll 5 percent, hold 2 hr, reheat
o 2,000° F. Repeat cycle three more times,
[ g Heat to 2,200° F, 1/2 hr, roll 5 percent, cool

to 1,5008 F, roll 5 percent, hold 2 hr, reheat
to 2,200° ¥, Repeat cycle three more times.,
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Figure 39.- Effect of cyclic rolling on minimum creep rates at l,200°
and 1,500° F for indicated initial stresses.
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(2) Heated to 2,200° ¥, 1/2 hour, rolled 5 percent, cooled to 1,500° F,
rolled 5 percent, held 2 hours, and reheated to 2,200° F. Repeated

cycle three more times.
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(b) Heated to 2,000° F, 1/2 hour, rolled 5 percemt, cooled to 1,500° F,
rolled 5 percent, held 2 hours, reheated to 2,000° F. Repeated three

more times.

Figure 1{0.- Effect of cyclic rolling on microstructures. Bar stock was
solution treated at 2,200° F, 1 hour, water quenched, and rolled as
indicated. (Electrolybically etched in 10 percent chromic acid.)
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c) Heated to 1,300 F, 1/2 hour, rolled 5 percent, cooled to 1,500° F,
(@) 800° 7, 1/ 5

rolled 5 percent, held 2 hours, reheated to 1,800° F. Repeated cycle
three more times.

Figure 40.- Concluded.
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Figure 41.- Influsnce of rolling temperature and amount of reduction on response to heat treat-
ment. After rolling as Indicated, bars were solution treested at 2,200° F, 1 hour, water B
O

quenched, end then rupture tested at 1,200° or 1,500° F.
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Pigure 42.- Influence of percent reduction and rolling temperature on response to heat treatment.

After rolling as indicated, bars were solution treated at 2, 200°F, 1 hour, water quenched,
aged at 1,400° F for 24 hours, air cooled, and then rupture tested et 1,200° or 1,500° P,
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Figure 4%.- Influsnce of rolling temperature and amount of reduction on response to heat treat-
ment, After rolling as indicated, bars were solution treasted st 2,050° ¥, 2 hours, water
quenched, and then rupture tested at 1,200° or 1,500° F.
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Figure 4k, Influence of rolling temperature and emount of reduction on response to heat treat-

ment. After rolling as indiceted, bars were solution treated at 2,050° F
quenched, hot-cold~worked 15 percent at 1 200 F, and then rupture tested
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(b) 1,000-hour ‘rupture strengths.

Figure 45.- Effect of emount of isothermal reduction in open passes at

va.riog.s temperatures on 100- and 1,000-hour rupture strengths at
1,200 F.
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(b) 1,000-hour rupture strengths.

Figure 46.- Effect of amount of isothermal reduction in open passes at
variog.s temperatures on 100- and 1,000-hour rupture strengths at
1,500 F.
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Figure 47.- Correlation of 100-hour and 1,000-hour rupture strengths at
1,200° F with as-rolled Brinell hardness.

® - Rolled at 1,600° F

A - 25 percent at 2,200° F plus 15 percent at 2,000° F

l:l-25percentat2200°Fp1u515percentat1800°F

+ - 15 percent at 2,200° F plus 25 percent at 1,8000 F

a- 25percentat2200°Fp1u515percentat1600°F

@ - 10 percent each at 2,2000, 2,000°, 1,800°, and 1,600° F

v- 25percentaj:2000°Fp1usl5percentat16000F

Lo X 25percentat1800°Fp1u815percentat1600°F

© - Heat to 1,8000 F, 1/2 hr, roll 5 percent, cool to 1,500° F,
ro]l5percent hold 2 hr, reheattolSOOOF Repea.t
cycle four times,

@ - Heat to 2,000° F, 1/2 hr, roll 5 percent, cool to 1,5000 F,
r0115percent hold 2 hr, reheatt02000° F, Repeat
cycle four times,

® - Heat to 2,200° F, 1/2 hr, roll 5 percent, cool to 1,500° F,
rouﬁpercent holdzhr reheatto2200°F. Repeat
cycle four times.

(a) 2100-hour rupture strengths.
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Brinell hardness
X - Rolled at 2,200° F A - Rolled at 2,000° F
m - Rolled at 2,100° F O - Rolled at 1,800° F

® - Rolled at 1,600° F

A - 25 percent at 2,200° F plus 15 percent at 2,000° F

O - 25 percent at 2,200° F plus 15 percent at 1,8000 F

+ - 15 percent at 2,200° F plus 25 percent at 1,800° F

A - 25 percent at 2,200° F plus 15 percent at 1,600° F

@ - 10 percent each at 2,200°, 2,0000, 1,800°, and 1,600° F

v - 25 percent at 2,000° F plus 15 percent at 1,6000 F

O - 25 percent at 1,800° F plus 15 percent at 1,600° F

@ - Heat to 1,8000 F, 1/2 hr, roll 5 percent, cool to 1,500° F,
roll 5 percent, hold 2 hr, reheat to 1,800° F. Repeat
cycle four times,

® - Heat to 2,000° F, 1/2 hr, roll 5 percent, cool to 1,500° F,
roll 5 percent, hold 2 hr, reheat to 2;000° ¥, Repeat
cycle four times, ’

- Heat to 2,200° F, 1/2 hr, roll 5 percent, cool to 1,500° F,
roll 5 percent, hold 2 hr, reheat to 2,200° F. Repeat
cycle four times.

(b) 1,000-hour rupture strengths.

Figure 47.- Concluded.
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Brinell hardness
X -Rolledat2,200°F A -Rolledat2,000°F
B - Rolled at 2,100° F O - Rolled at 1,800° F

® - Rolled at 1,600° F

A - 25 percent at 2,200° F plus‘15 percent at 2,0000 F

0O -'25 percent at 2,200° F plus 15 percent at 1,8000 F

+ - 15 percent at 2,200° F plus 25 percent at 1,8000 F

A - 25 percent at 2,200° F plus 15 percent at 1,600° F

@ - 10 percent each at 2,200°, 2,000°, 1,800°, and 1,8000 F

v - 25 percent at 2,0000 F plus 15 percent at 1,600 F

O - 25 percent at 1,800° F plus 15 percent at 1,600° F

© - Heat to 1,800° F, 1/2 hr, roll 5 percent, cool to 1,5000 F,
roll 5 percent, hold 2 hr, reheat to 1,800° F. Repeat
cycle four times,

® - Heat to 2,000° F, 1/2 hr, roll 5 percent, cool to 1,500° F,
roll 5 percent, hold 2 hr, reheat to 2,0000 F. Repeat
cycle four times,

B - Heat to 2,200° F, 1/2 hr, roll 5 percent, cool to 1,500° F,
roll 5 percent, hold 2 hr, reheat to 2,200° F. Repeat
cycle four times.

(a) Initial stress, 50,000 psi.

Figure 48.- Correlation of minimm creep rate for initial stresses of
50,000 and 25,000 psi at 1,200° F with as-rolled Brinell hardness.

’
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Brinell hardness
X - Rolled at 2,200° F A - Rolled at 2,000° F
| - Rolled at 2,100° F O -Rolled at 1,800°0 F

® - Rolled at 1,600° F

A - 25 percent at 2,200° F plus 15 percent at 2,0000 F

0O- 25 percent at 2,200° F plus 15 percent at 1,8000 F

+- 15 percent at 2,200° F plus 25 percent at 1,8000 F

A~ 25 percent at 2,200° F plus 15 percent at 1,600 F

@- 10 percent each at 2,200°, 2,000°, 1,800°, and 1,600° F

Vv - 25 percent at 2,000° F plus 15 percent at 1,600° F

O - 25 percent at 1,800° F plus 15 percent at 1,6000 F

© - Heat to 1,8000 F, 1/2 hr, roll 5 percent, cool to 1,500° F,
roll 5 percent, hold 2 hr, reheat to 1,800° F, Repeat
cycle four times.

® - Heat to 2,0000 F, 1/2 hr, roll 5 percent, cool to 1,500° F,
roll 5 percent, hold 2 hr, reheat to 2,0000 F, Repeat
cycle four times,

B - Heat to 2,200° F, 1/2 hr, roll 5 percent, cool to 1,500° F,
roll 5 percent, hold 2 hr, reheat to 2,200° F. Repeat
cycle four times,

(b) Minimum creep rate in 1,000 hours; initial stress, 25,000 psi.

Figure 48.- Concluded.
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Brinell hardness

- Rolled at 2,2000 F A - Rolled at 2,0000 F
- Rolled at 2,1000 F O© - Rolled at 1,8000 F
® - Rolled at 1,6000 F

B X

- 25 percent at 2,200° F plus 15 percent at 2,000° F
- 25 percent at 2,200° F plus 15 percent at 1,8000 F
- 15 percent at 2,200° F plus 25 percent af 1,800° F
- 25 percent at 2,2000 F plus 15 percent at 1,600° F
- 10 percent each at 2,200°, 2,000°, 1,800°, and 1,6000 F
~ 25 percent at 2,000° F plus 15 percent at 1,600° F
- 25 percent at 1,800° F plus 15 percent at 1,600° F
- Heat to 1,800° F, 1/2 hr, roll 5 percent, cool to 1,5000 F,
roll 5 percent, hold 2 hr, reheat to 1,800° F, Repeat
cycle four times.
® - Heat to 2,000° F, 1/2 hr, roll 5 percent, cool to 1,500° F,
roll 5 percent, hold 2 hr, reheat to 2,000° F. Repeat
cycle four times,
- Heat to 2,200° F, 1/2 hr, roll 5 percent, cool to 1,500° F,
roll 5 percent, hold 2 hr, reheat to 2,200° ', Repeat
cycle four times,

oo4Anp+0Op

(&) 100-hour rupture strengths.

Figure 49.- Correlation of 100-hour and 1,000-hour rupture strengths at
l,500° F with as-rolled Brinell hardness.
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Rupture strength, psi
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Brine]lnardness
X - Rolled at 2,200° F A - Rolled at 2,0000 F
B - Rolled at 2,100° F O - Rolled at 1,800° F

@ - Rolled at 1,600° F

A-25 percent at 2,200° F plus 15 percent at 2,0000 F

0O - 25 percent at 2 200° F plus 15 percent at 1, '8000 F

<+ - 15 percent at 2 200° F plus 25 percent at 1 800o F

A - 25 percert at 2,200° F plus 15 percent at 1,6000 F

IZ 10 percent each at 2,2000, 2 OOO° 1 800o and 1,6000 F

- 25 percent at 2,000° F plus i5 percent at 1 8000 F '

<> 25 percent at 1, 800° F plus 15 percent at 1 600° F

© - Heat to 1,800° F 1/2 hr, roll 5 percent, cool to 1 ,5000 F,
roll 5 percent hold 2 hr reheat to 1,800°0 F, Repeat
cycle four times.

® - Heat to 2,0000 F, 1/2 hr, roll 5 percent, cool to 1,500°0 F,
roll 5 percent hold 2 hr reheat to 2 000° F. Repeat .
cycle-four times,

® - Heat to 2,200° F, 1/2 hr, roll 5 percent, cool to 1,500°0 F,
roll 5 percent hold 2 hr, reheat to 2 200° F, Repeat
cycle four times,

(b) 1,000-hour rupture strengths.

Figure 49.- Concluded.
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Brinell hardness

X - Rolled at 2,200° F A- Rolled at 2,000° F
B - Rolled at 2 100° F O- Rolled at 1 8000 F
@- Rolled at 1,600° F

A- 25 percent at 2,200° F plus 15 percent at 2,000° F

O- 25 percent at 2,200° F plus 15 percent at 1,800° F

+- 15 percent at 2,200° F plus 25 percent at 1,800° F

A- 25 percent at 2 2000 F plus 15 percent at 1, 16000 F

@- 10 percerit each at 2 ,200°, 2,000°, 1,800°, and 1,6000 F

v~ 25 percent at 2 OOO° F plus 15 percenj: at'1 600° F

- 25 percent at 1 8000 F plus 15 percent at 1 6000 F

©- Heat to 2,000° F 1/2 hr, roll 5 percent, coolto 1,5000 F,
roll 5 percent hold 2 hr reheat to 2 000° F. Repea.t
cycle four times,

- Heat to 2,200° F, 1/2 hr, roll 5 pexcent, cool to 1,500° F,
roll 5percent hold 2 hr reheat to 2,2000 F, Repeat
cycle four times,

(a) Initial stress, 15,000 psi.

151

Figure 50.~ Correlation of minimum creep rate for initial stresses of

15,000 and 8,000 psi at 1,500° F with as-rolled Brinell hardness.
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(b) Minimum creep rate in 1,000 hours; initial stress, 8,000 psi.

Minimum creep rate, percent/hr
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180 200 220 240 280 280

Brinell hardness

X- Rolled at 2,2000 F A- Rolled at 2,000° F
B- Rolled at 2,100° F O- Rolled at.1,800° F
@- Rolled at 1,600° F

O- 25 percent at 2,200° F plus 15 percent at 1,800° F

+- 15 percent at 2,200° F plus 25 percent at 1,800° F

@- 10 percent each at 2,200°, 2,000°, 1,800°, and 1,600° F

V- 25 percent at 2,000° F plus 15 percent at 1,6000 F

O~ 25 percent at 1,800° F plus 15 percent at 1,600° F

©- Heat to 1,800° F, 1/2 hr, roll 5 percent, cool to 1,500° F,
roll 5 percent, hold 2 hr, reheat to 1,800° F. Repeat
‘eycle four times,

©- Heat to 2,000° F, 1/2 hr, roll 5 percent, cool to 1,500° F,
roll 5 percent, hold 2 hr, reheat to 2,000° F, Repeat
cycle four times,

8- Heat to 2,200° F, 1/2 hr, roll 5 percent, cool to 1,5000 F,
roll 5 percent, hold 2 hr, reheat to 2,2000 F, Repeat
cycle four times.

Figure 50.- Concluded.
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Figure 5l.- Comparison of 1, 200° F rupture strengths, rupture elongation,
and Brinell hardness after 15-percent reduction at various temperatures
for this investigation and another heat of same alloy (heat 30276,

ref. 1).
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Figure 52.- Effect of amount of isothermal reduction in open passes at
various temperatures on change in 100- and 1,000-hour rupture strengths

at 1,200° and 1,500° F.
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